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Abstract 
 
 
A series of oxide materials were modified with different nanoparticles (NPs). Novel 
cobalt@H4Nb6O17 nanopeapod structures were fabricated and magnetic NPs modified oxide 
nanosheets and nanoscrolls were prepared.  Both aqueous method and two-phase method were 
applied to prepare gold NPs onto oxide nanosheets, nanoscrolls and other nanocrystals. 
The combination of H4Nb6O17 nanoscrolls and cobalt NPs generate a novel method to 
fabricate nanopeapod structures. Cobalt NPs were synthesized in the presence of exfoliated 
H4Nb6O17 nanosheets and the resulting magnetic chain structures, formed due to the dipole-
dipole interaction, were captured within scrolled lamella. The yield of peapod structures can be 
improved by using proper reagents and reaction temperatures. As similar method with iron oxide 
NPs also produced peapod-like structures in a low yield.  
Exfoliated Dion-Jacobson phase layered perovskite HLaNb2O7 (HLN), its organic derivate 
propoxyl-HLaNb2O7 (pHLN), Ruddlesden-Popper phase perovskite H2SrTa2O7 (HSTO) and 
Aurivillius phase perovskite H2W2O7 (HWO) were synthesized and functionalized with gold NPs 
by in-situ methods. Gold NPs were prepared by both an aqueous method and two-phase method. 
The size of NPs can be adjusted by different reaction times. Overall, the latter method shows a 
narrower size distribution and better dispersion. In addition, most gold NPs prepared by the two-
phase method were attached on the surface of nanosheets and almost no free gold NPs were 
observed in solution. This approach should be applicable to most layered perovskites. 
 
xv 
 
The aqueous and two-phase methods were also applied on the preparation of gold NPs onto 
H4Nb6O17 nanosheets and nanoscrolls. H4Nb6O17 nanosheets were prepared by two approaches 
and showed similar gold NPs attachment. LiNbO3 nanocrystals can be also modified with gold 
NPs by the two-phase method though free gold NPs were observed. 
Further studies involved the functionalization of layered perovskites and related compounds 
with magnetic NPs.  Iron oxide and cobalt NPs were synthesized in the presence of layered 
perovskite and modified perovskite nanosheets were obtained.   
 
 
 
Keywords: Nanopeapod, Layered material, Niobate, Perovskite, Nanoparticle, Exfoliation. 
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Chapter 1 
Introduction: Exfoliated Layered Materials and Their Modified 
Nanocomposites  
 
 
1.1 Layered Materials and Nanosheets  
A layered material is a three-dimensional (3D) solid where one of the three directions is 
distinctly different than the other two. Such structures can occur due to different segregated 
bonding types in a solid or with a composition where sets of ions tend to segregate to produce a 
more effective distribution of varied coordination environments.  As with any set of materials, 
there are several ways to classify them. Within the various sets of layered materials, one 
approach is based on the charge of the layers – ―uncharged‖ (electrically neutral) versus 
―charged‖.1 ―Uncharged‖ layered hosts can be further divided into two types: insulator hosts (do 
not possess an electronic conductivity) and electronic conductors (or those that gain electronic 
conductivity upon intercalation). Compounds such as hexagonal boron nitride (h-BN) or graphite 
can be included in this series. ―Charged’ hosts include compounds such as smectite clays, 
hydrotalcite-type anionic clays, and group 4 metal phosphates. Another method of classification 
of layered materials concerns the thickness of the constituent layers.
1
  Compounds with 
monolayers, like h-BN and graphite, others that are a few atomic layers thick, metal 
dichalogenides or FeOCl compounds, or those of greater thicknesses, such as various clay 
structures, as shown in Figure 1.1. 
2 
 
 
Figure 1.1. Crystal structures of layered materials (a) graphite, (b) MoS2, (c) idealized smectite 
clay, and (d) FeOCl. 
 
Layered materials can have applications in many different fields, especially when they are 
exfoliated into extremely thin sheets, i.e., nanosheets (NSs).
2,3
 Since many layered structures 
have strong in-plane bonds and weak interlayer bonding (e.g. van der Waals), it can be possible 
to separate these compounds into thin films containing individual or several layers by chemical 
or physical methods.
4
 Researchers have demonstrated that after exfoliation, layered materials 
may display improved properties. For example, exfoliated Bi2Te3 and Bi2Se3 have reduced 
residual bulk conductance and highlight surface effects.
5
 Another example, the transition metal 
3 
 
chalcogenide MoS2 is a traditional semiconductor with an indirect band-gap in bulk form, while 
with the transition from multilayer to monolayer, the indirect band-gap becomes a direct gap.
6
 In 
addition, even with no consideration to their improved properties and the resultant applications, 
the controllable preparation of 2D materials at the nanoscale is still of interest on a fundamental 
level.
4
 In this vein, researchers have studied a large variety of layered materials which can be 
exfoliated into nanosheets, including KC8,
3
 MnO2,
7
 perovskites,
8
 etc.    
 
1.1.1 Layered Perovskites 
The mineral perovskite is named for the Russian mineralogist Perovski L. A. (1792-1856), 
after the discovery of the calcium titanium oxide, CaTiO3, in the Ural Mountains of Russia by 
Gustav Rose in 1839.
9
 A number of compounds are members of the perovskite family
10
 and have 
the general chemical formula of ABX3, where A is a large electropositive cation, B is a transition 
metal cation, and X, typically oxygen, is an anion that bonds to both A and B. Their structures 
include the basic cubic perovskite (Figure 1.2), hexagonal close packing or a mixture of 
hexagonal and cubic close packing, and layered perovskites. The last group of perovskites can 
have several variations among which the Dion–Jacobson (DJ), Ruddlesden–Popper (RP), and 
Aurivillius (AV) phases are the most common. The DJ and RP phases have the compositions 
A[A′n–1BnO3n+1] and A2[A′n–1BnO3n+1], respectively, where A and A′ are typically alkali-metal, 
alkaline earth, or rare-earth cations, B is a transition metal cation, and n is the layer thickness, as 
4 
 
 
Figure 1.2. Crystal structure of basic perovskite. 
 
shown in Figure 1.3.
10
 The AV structure (not shown) is similar, but contains M2O2 layers 
(typically M = Bi or Pb) between the perovskite blocks. 
    The common methods to prepare perovskites include solid state reactions, co-precipitation, 
and sol-gel method
11,12
 Solid state reactions are the simplest approach to obtain perovskite. 
Briefly, reagents are mixed stoichiometrically, ground evenly, and heated to desirable 
temperature. The other approaches, co-precipitation and sol-gel, are precursor methods that allow 
one to avoid high temperatures and/or long reaction times. Another synthetic approach to solid 
state structures is known as topochemical reactions.  These reactions are carried out at low 
temperature (< 500 °C) and can include methods like ion-exchange, intercalation, grafting, layer 
extraction, etc. The utility of this approach comes from the ability to manipulate host materials 
and produce compounds that cannot be readily prepared at high temperature.
10
  
 
 
5 
 
 
 Figure 1.3. Crystal structures of layered perovskites: (a) Dion-Jacobson, CsLaNb2O7;  
(b) Ruddlesden-Popper, K2SrTa2O7. 
 
In the DJ family of layered perovskites, the niobates, ALaNb2O7 (A = Na, K, Rb), have 
attracted much attention, since they present interesting photocatalytic properties for water 
splitting.
11,13
 RbLaNb2O7, for example, may generate electrons and holes between layers during 
photoexcitation, leading to redox processes with reactant molecules (e.g., H2O) adjacent to the 
layers. A common way to improve the efficiency of photocatalysis is to utilize a technique called 
exfoliation, as discussed above. The exfoliated nanosheets (HLaNb2O7), either in a colloidal sol 
or restacked aggregates, both have higher specific surface areas than bulk powder samples. Such 
materials are also interesting building blocks in the fabrication of nanostructures.
14
  
RP type layered tantalates, A2A′Ta2O7 (A = Li, K; A′ = La2/3, Sr), are also popular because of 
their photocatalytic properties.
15
 K2SrTa2O7, can also be exfoliated into high surface area 
6 
 
H2SrTa2O7 nanosheets. Further studies have shown that H2SrTa2O7 can be functionalized with n-
alkylamines
16
 or formed into nano-ribbons.
17
 
 
1.1.2 K4Nb6O17 – Another Layered Oxide 
Other layered oxides beyond perovskites have been studied. Potassium niobate compounds, 
based on the layered hexaniobate K4Nb6O17, are well-known as an active photocatalysts for 
methanol dehydrogenation and hydrogen evolution from water under ultraviolet (UV) light.
18
 
The photocatalytic activity can be improved by ion-exchange with H+ or other cations.
18a
 
Furthermore, modification with metal or metal oxide nanoparticles, such as Pt, NiO, TiO2, can 
also greatly improve properties. 
18b, 19
  
K4Nb6O17 has an orthorhombic unit cell (a = 7.83 Å, b = 33.21 Å, c = 6.46 Å) and contains 
four layers along the b-axis. Each layer consists of NbO6 octahedra, which form a two-
dimensional layered structure via bridging oxygen atoms, as shown in Figure 1.4. The niobate 
layers are negatively charged, and K cations are located between them to compensate the 
negative charge of layers. It is worth noting that there are two distinct interlayers, as designated 
as interlayer I and II in Figure 1.4, and that the distance between the two interlayers is not the 
same. Those two layers exhibit different ion-exchange abilities: Interlayer I can be readily ion-
exchanged by a variety of cations, such as n-alkylammonium (C4-C8), methylviologen, and other 
guest species, while reports on the ion-exchange of interlayer II are quite rare. In case of H
+ 
ion-
exchange, exfoliation occurs, and after the further treatment with tetrabutylammonium hydroxide 
(TBAOH), the resulting multilayered nanosheets separate into single-layer nanosheets.
20
  In most 
layered materials, the surface density and the disposition of the active sites is usually the same on 
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the opposite sides of the layers,
1
 but in the case of K4Nb6O17, the individual layers are 
asymmetrical (Figure 1.4).  
 
 
Figure 1.4.  Crystal structure of K4Nb6O17.
21
  
 
1.2 Nanotubes 
1.2.1 Introduction of Nanotubes 
    Typically, there are three types of nanotube structures: single-wall, multi-wall and nanoscroll, 
(Figure 1.5a).
22
 In the single-wall nanotube, the forming tube has a simple cylindrical shape. The 
multi-wall nanotube is composed of several single-wall nanotubes and van der Waals 
interactions typically exist between neighboring tubes. The scrolled type, as the name implies, 
consists of convolved nanosheets; as such, its structure is asymmetric (spiraled) as viewed from 
the top of the tube (Figure 1.5a-III).
23
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Figure 1.5. (a) Cartoons show three types of nanotubes: (I) single-wall, (II) multi-wall and (III) 
scrolled. (b) Single-wall ZnO nanotube array prepared by template-assistant method.  
(c) Niobate nanoscrolls, (d) is enlarged image of (c). 
 
    Nanotube structures in nature can be rare.  The fibrous mineral chrysotile is one kind of 
naturally occurring nanotubular structure.
24
 Many of the known nanotubes have been prepared 
by researchers in the laboratory.   The synthetic procedure for the production of nanotubes can be 
divided into two classes. One is based on the direct formation of structures under desirable 
conditions, for instance, high temperature, hydrothermal reactions,
25
 etc. The most famous of 
these is the carbon nanotube (CNT), first reported by Iijima in 1991.
26
  Another common 
synthetic route is based on template-assistant methods, including the use of anodized aluminum 
oxide (AAO) templates,
27
 polymer templates, and porous organic gel fibers.
28
 Recently more and 
more materials have been applied on the preparation of nanotube structures because of the 
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introduction of template methods. Figure 1.5b shows ZnO nanotubes fabricated in our lab by 
wetting AAO template with Zn(O2CCH3)2 sol
29
. Another common example of inorganic 
nanotube (nanoscrolls) is based on the layered tungsten disulfide (WS2),
30
 molybdenum disulfide 
(MoS2)
31
 as well as H4Nb6O17 
20
(Figure 1.5c and d); this latter system is discussed in more detail 
below. 
 
1.2.2 H4Nb6O17 Nanoscrolls 
As introduced above, acid-exchanged layered K4Nb6O17, H4Nb6O17, can be exfoliated into 
nanosheets containing at least two niobate layers, and then further exfoliated with TBAOH into 
individual nanosheets. The lack of symmetry between the two sides of individual nanosheets 
(Figure 1.4) of H4Nb6O17 is believed to contribute to this compounds tendency to roll;  the 
nanosheet cannot keep its origin flat shape, but curl to one side to minimize surface tension 
leading to nanoscrolls as shown in Figure 1.5c and d.
20,32
 While this asymmetry is thought to be 
important, it is interesting to note that several exfoliated layered perovskites have shown a 
similar scrolling behavior on treatment with TBAOH, even though they do not have an 
asymmetric structure like H4Nb6O17.
33
   
 
1.2.3 Nanopeapod 
Nanopeapod, as implied in its name, contains ―peas‖ in a ―pod‖. The first nanopeapod 
structure was reported in 1998 by Smith B. W.
34
 a few years after the discovery of CNT.  C60 
molecules produced during preparation of CNT are contained inside single-wall CNTs to 
produce peapod-like nanostructures. The materials utilized in the preparation of nanopeapods are 
not limited to carbon and can be metal or metal oxide. Further, the preparation methods can 
10 
 
include atomic layer deposition (ALD), electrodeposition, chemical reaction, etc. Table 1.1 lists 
many of peapod-like nanostructures reported so far along with their method of preparation and 
properties.  
 
Table 1.1.  Summary of Nanopeapod Structures 
Materials Formation of ―Pea‖ Formation of ―Pod‖ Proposed routes Properties 
C60@CNT
34
 Pulsed laser 
vaporization of 
graphite 
Pulsed laser 
vaporization of 
graphite 
Direct formation or 
C60 intercalation 
 
------ 
Au2Si@SiO
35
 DC sputterred Au 
layer 
Vapor-liquid-solid 
(VLS) 
Growth instability at 
the nanowire root or 
flow of gold in a 
hollow channel 
Enhanced 
photoresponse 
behavior
35c
 
Au@Ga2O3
36
 Commercial Au NPs VLS Phase separation 
induced by the 
formation of twin 
boundaries 
Enhanced 
photoresponse  
Au@MgO
37
 Sputtered Au layer Chemical-vapor-
deposition (CVD) 
Oxide induced 
instability at the 
nanowire front 
Potentially in 
nonlinear optical 
applications 
Cu@Al2O3
38
 Heating Cu substrate 
in air 
Atomic layer 
deposition (ALD) 
Rayleigh instability  
------ 
Au@TiO2 
Cu@TiO2
39
 
1. electrodeposition 
in AAO template 
2. annealing 
ALD Remove of sacrificial 
layers and Rayleigh 
instability 
Potentially in 
tunable optical, 
electric, and 
magnetic. 
Pt@CoAl2O4
4
0
 
Electrodeposition 
into AAO template 
1. Electrodeposition 
of Co; 2. Solid state 
reaction with Al2O3 
template 
Release of Pt 
segments into a 
hollow channel and 
Rayleigh instability 
 
------ 
Au and/or 
Ag@TiO2
41
 
 
Co-electrodeposition 
into AAO template 
TiF4 Selectively remove 
sacrificial metal 
segment 
Should improve 
the optical 
properties. 
Ni@TiO2
42
 Co-electrodeposition 
into AAO template 
Co-electrodeposition 
into AAO template 
Chemical reaction of 
precursor 
 
------ 
Au@Te
43
 Co-electrodeposition 
into AAO template 
Te displace Co Galvanic 
displacement reaction 
 
------ 
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Table 1.1. Cont’d 
Co3O4@C
44
 1.Hydrothermal 
reaction 
2. Calcination and 
annealing 
1. polymer shell 
2. annealing to form 
C. 
Core-shell structure 
based on hydrogen 
bond and 
polymerization and 
voids formed during 
thermal treatment 
Improved 
electrochemical 
properties  
Ni@Ni3S2
45
 From Ni precursor Ni react with H2S Voids between Ni and 
NixSy 
Paramagnetism  
and super-
paramagnetism  
Ag@SiO2
46
 1. Reduction of 
AgNO3 to form Ag 
nanowire; 
2. Reduction of Ag 
nanowire to 
nanodots. 
Use 3-mercapto-
propyltrimethoxysila
ne and sodium 
silicate to form SiO2 
shell outside Ag 
nanowires. 
Reduction of Ag core Potentially in 
plasmonics and 
SERS-based 
chemical 
sensing. 
 
1.3 Nanoparticles (NPs) 
1.3.1 Advantages and challenges of NPs 
    Nanocrystals represent a bridge between atoms and bulk solids.  Their important properties 
and numerous applications have long been one of the popular topics.
47
 Beyond the common 
spherical shape, nanocrystals can be formed as rods,
48
 wires, sheets,
49
 as well as more controlled 
structures such as cubes,
50
 octahedrons,
51
 bipyramids,
52
 etc. Nanocrystalline NPs, often referred 
as nanospheres,
53
 have attracted much attention since they exhibit a wide variety of properties, 
many of which have technological importance in electronics, photonics, catalysis, sensing, as 
well as medicine development and other fields.
54,55
 These materials, however, can still be quite 
challenging to make, hence efforts continue to develop new methods to prepare nanocrystals 
with controlled shapes and sizes in high yield. 
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1.3.2 Gold NPs 
There has been extensive research on the synthesis and applications of Au NPs over the past 
decade; this can be confirmed by the total number of publications every year on this subject.
53
 
Historically, the study of NP gold has been significant form many centuries. Since ancient times, 
gold was used to produce glass with red color.
56
 In the 16
th
, alchemist claimed that they created a 
potion, presumably containing gold NPs, called potable gold. After Michael Faraday first 
reported the successful syntheses of Au colloid by a modern two-phase method in 1850,
57,58
 
people are able to routinely synthesize Au NPs with an attractive ruby color.  
The current conventional methods to synthesize Au NPs involve the reduction of Au(III) 
derivatives in aqueous solution (Aqueous Method). Among those, citrate reduction of 
chloroauric acid (HAuCl4) in water is mostly used, since introduced by Turkevitch in 1951.
59
 
More recently, numerous approaches have been reported that allow for the production of Au NPs 
with precisely controlled size and shape.
60
 
In another approach, Brust and co-workers reported a simple two-phase approach (Two-Phase 
Method) to prepare Au NPs with controlled size in toluene.
61
 The product contained Au NPs 
between 1.5-5.2 nm, which can be repeatedly separated and redispersed in organic solvents. 
Also, those Au NPs can be handled easily, post-functionalization can be applied to them and they 
can be stored as stable chemical powders. Briefly, in this method AuCl4
-
 is transferred from 
aqueous solution to toluene through tetraoctylammonium bromide (TOAB) as phase-transfer 
reagent. The brown organic part is then separated and mixed with thiol (e.g., dodecanethiol, 
C12H25SH). Ice-cold sodium borohydride (NaBH4) is added dropwise into the mixture with 
vigorously stirring. The dark brown color of the mixture indicates the formation of Au NPs. The 
overall reaction can be represented as follows: 
13 
 
 
 
 
This method combines the two-phase approach introduced by Faraday
58
 and the techniques of 
ion extraction and monolayer self-assembly with alkane thiols,
62
 and can be used in the 
successful preparation of thousands of various Au NPs with different capping ligands. Figure 1.6 
presents the typical synthetic procedure of these two methods. 
 
Figure 1.6. Synthetic procedure of Au NPs: (I) aqueous method and (II) two-phase method. 
 
1.3.3 Magnetic NPs 
Magnetic NPs, just as the name implies, are NPs with magnetic properties. These commonly 
include iron, nickel and cobalt as well as magnetic compounds containing these elements. In the 
last few decades, the synthesis of magnetic NPs has focused on procedures which can produce 
highly stable, mono-dispersed and shape-controlled magnetic NPs.
63
 Co-precipitation, thermal 
decomposition, microemulsion, hydrothermal synthesis, etc., have been applied. Among those 
AuCl
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17
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methods, thermal decomposition has attracted much attention since it can produce stable 
magnetic NPs with good shape-control, narrow size distribution and high yield.
63, 64
 In the case 
of cobalt, this method has been successfully applied to the synthesis of NPs with different 
shapes.
65
 In brief, organometallic precursors (e.g., metal acetylacetonates (Co(acac)3), metal 
cupferronates (Co(cup)2), carbonyls (Co2(CO)8)) are dissolved in an organic solvent with 
stabilizing surfactants (oleic acid, fatty acids, oleyl amine or alkyl amines) and heated up to 350 
o
C. The thermal decomposition of cobalt precursor will result in Co NPs. For instance, the cobalt 
carbonyls have a strong tendency to dissociate carbonyl groups at elevated temperature and 
result in the nucleation and growth of zero-valent cobalt NPs.
64
   
Before discussing the magnetic properties of Co NPs, the different types of basic magnetic 
behavior will be introduced.  Diamagnetism is weak repulsion from a magnetic field. All 
materials show a diamagnetic response in an applied magnetic field; because this effect is very 
weak, it can easily be overwhelmed by other types of magnetism. Paramagnetic materials have 
unpaired electrons and show an attraction to magnetic fields, however the total magnetization 
will drop to zero when the applied field is removed. A ferromagnetic material contains 
permanent atomic magnetic dipoles that are spontaneously oriented parallel to one another even 
in the absence of an external field. For ferromagnetic NPs, e.g., Co NPs, at lower temperatures, 
they are still ferromagnetic. While at higher temperatures, due to the small number of oriented 
dipoles, their magnetization can be overwhelmed by thermal effects, and behave similar to a 
paramagnet; this behavior is referred to as superparamagnetism. The transition temperature from 
ferromagnetism to superparamagnetism is called the blocking temperature (TB).  It for different 
materials, but in general increases with increasing NP size.
66
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    Magnetic properties of a material can be determined by a magnetometer, which is used to 
measure the strength and/or direction of the magnetic field. Superconducting Quantum 
Interference Devices (SQUIDs) are very sensitive vector magnetometers, which can measure 
extremely small magnetic fields. By varying the magnetic field at constant temperature, one can 
look for hysteretic effects in ferromagnetic materials. In superparamagnetic materials, a 
compound shows hysteresis below TB and none above. If one varies temperature both in the 
absence of a magnetic field, zero field cooled (ZFC), and in the presence of a magnetic field, 
field cooled (FC), one can observe the ferromagnetic and superparamagnetic regions of a 
superparamagnetic material.  At low temperatures, the ZFC and FC curves are separate and 
above the blocking temperature, the curves overlap showing behavior similar to that of a 
paramagnetic material.    
 
1.3.4 Nanocomposites 
The development of new technologies often requires that materials have both flexible 
structures and stable properties. Relatively simple fabrication methods that can be executed at 
low costs are also desirable. To achieve this target, preparation of nanocomposites can be a key. 
Combinations involving inorganic or organic compounds and nanostructures can provide new 
materials covering all areas of research and may lead to new significant scientific findings.
67
   
The combination of NPs and various nanosheets or other nanostructures in solution can be 
achieved by two approaches. First, pre-mixing the precursor with nanosheets, and then applying 
co-precipitation,
68
 chemical reduction
69,70
, photo-irradiation
71
, etc., to form NPs directly onto 
nanosheets. For instance, Haruta et al.
68a
 reported Au NPs functionalized oxide (e.g., SiO2, α-
Fe2O3) by co-precipitation method with improved catalytic activity. Ide et al.
69a
 modified the 
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interlayer surface of octasilicate (Na-oct) with 3-mercaptopropyltrimethoxysilane (MPS) and 
synthesized Au NPs between layers through Au-S bonding. More specifically, pre-treatment of 
nanosheet with thiol group are required to form Au NPs on nanosheet. This pre-treatment was 
also applied on the in-situ preparation of Pt NPs on CNT, where PtCl4
2-
 precursor was adsorbed 
by the imidazolium group.
70a
 In the second approach, mixing the synthesized NPs and 
functionalized nanosheets, to form nanocomposites through covalent bonding of surfactants,
72,73
 
or intermolecular force
74
. For example, Kim et al.
75
 reported the preparation of nanocomposite 
by the combination of oleic acid modified Fe3O4 NPs and 3-aminopropyltrimethoxysilane (APS) 
modified Ca2Nb3O10 nanosheets through covalent bond. Zheng et al.
74
 used the dipole-dipole 
interactions to transfer hydrophobic Au NPs to hydrophilic oxides. By using synthesized NPs, 
apparently, it is easier to control the size, shape and dispersion of NPs. Another facilitation is one 
can modify the surface of NPs with different surfactants. Take the Au NP as an example, the 
surfactants can vary from citrate,
76
 CTAB,
77
 to oligonucleotides
78
 and peptides.
79
 Some 
surfactants, e.g., citrate, can be readily replaced by others after synthesis and form more stable 
Au-S bond.
53
 Further chemical reaction of surfactants can modify the property of NPs by 
introducing new functional groups or charged molecules and polymers, which realize the 
chemical bonding or electrostatic adsorption with nanosheets.
80
 
Combining inorganic nanosheets or nanotubes with Au or magnetic NPs allows one to 
functionalize nanosheets and nanotubes, and endow NPs with a desirable dispersion and 
dimension by using nanosheets and nanotubes as template. Exfoliated layered perovskite and 
other layered materials are widely used as substrate to hold NPs.
72a, 75 
Meanwhile, various metal 
or metal oxide NPs have been introduced onto nanosheets to improve their properties.
74
 The 
17 
 
driving force of the combination can be covalent bonding and/or van der Waals interaction 
between NPs and nanosheets and may vary depending on different surfactants.  
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Chapter 2  
Fabrication of Nanopeapods: Scrolling of Niobate Nanosheets for 
Magnetic Nanoparticle Chain Encapsulation 
 
 
2.1 Introduction 
    Nanopeapod structures, where spherical molecules or nanoparticles (NP) are contained within 
nanotubes (NT), have been extensively studied due to their potential applications in electronics, 
magnetics, optics, and sensors. The first reported nanotube, the carbon nanotube (CNT),
1
 is also 
observed in the first reported nanopeapod structure,
2
 where C60 molecules were simply formed 
inside CNT. After that, researchers have done lots of work to understand the formation 
mechanism and applications of this new structure.
3,4
 More recently, peapods containing metal 
and metal oxide NPs have been produced; these utilize a diverse set of preparation methods to 
create the metal sphere component (pea) such as Rayleigh instability,
5
 single displacement 
reactions, and controlled electrodeposition.
6,7,8
 Knez et al.
5a
 reported the fabrication of 
Cu@Al2O3 peapod by aligning CuO nanowires through atomic layer deposition (ALD) method 
and depositing a thin Al2O3 layer on nanowires. H2 was then introduced at 400-600 
o
C to reduce 
CuO to Cu; while Al2O3 was stable under these conditions, Cu NP chains formed inside Al2O3 
channel. Gösele et al.
6
 used an anodized alumina oxide (AAO) template to prepare peapod 
structures. By the co-deposition of Co and Pt and heating the product to get CoAl2O4 shell and Pt 
core, Pt@CoAl2O4 peapods were obtained and this method can be applied on a series of metals 
as long as they can be deposited by electrodeposition. Au NPs were also used to prepare peapod 
structures encapsulated in dielectric SiO2 nanowires.
9
 There is only one reported peapod 
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structure containing magnetic component (Co3O4@C) and the magnetic properties were 
studied.
10
 However, the formation of magnetic chain structure in this case is not due to the 
magnetic dipole-dipole structures.  
    Fabrication of the outer coating (pod) has also been extensively studied and has led to the 
production of a variety of NTs including SiO2,
9, 11
 Ga2O3,
12
 MgO,
13
 TiO2,
5
 Al2O3,
5 
CoAl2O4,
6
 
Ni3S2
14
 and carbon.
10
 NT components are typically made by template methods within porous 
membrane
5b, 7-8
 or via chemical routes involving core-shell nanostructures.
13,14 
 While most of the 
peapod synthetic routes involve the formation of the NP components within an existing tube 
structure, one exception involves a displacement reaction where a Te sheath forms as cobalt is 
displaced from Au/Co superlattice wires.
15
  
    Tubular-like structures can also be formed via the scrolling of lamella. Convolved nanosheets 
(nanoscrolls) have been reported for a number of layered materials including those based on 
graphite, oxides, sulfides, hydroxides, nitrides, and metals.
16
 Similar behavior is observed in the 
naturally occurring mineral halloysite.
17
 Among the oxides, the layered niobate, K4Nb6O17, is 
especially notable due to its use in photocatalysts.
18
 Scrolling exfoliated nanosheets of the acid 
form of this compound can be readily achieved by reacting it with tetrabutylammonium 
hydroxide (TBAOH).
19
  
    Magnetic NPs forming chain structures have recently been an interesting topic not only 
because their potential applications in magnetics, but also as controllable 2D nanostructures they 
are ideal building blocks to fabricate devices.
20,21
 Magnetic NPs can readily form chains due to a 
magnetic dipole-dipole interaction, however, there is still lack of effective methods to stabilize 
the magnetic chains for the observation and further application. Their direct observation was first 
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reported by Butter et al. using cryo-TEM methods.
20
 Subsequent methods utilized polymer 
encapsulation to stabilize the 2D structures.
21-22
  
    Herein we report an alternative approach to the synthesis of nanopeapod structures that 
exploits the convolution of oxide layers. Co NPs are generated in the presence of exfoliated 
niobate nanosheets and the resulting magnetic chain structures are captured within scrolled 
lamella. The core-shell structure presented by our Co@niobate nanopeapod provides a new 
approach to stabilize Co magnetic chain and should be applicable to other magnetic chain 
systems.
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2.2 Experimental 
2.2.1 Preparation of Niobate Nanoscrolls19 
K4Nb6O17 was prepared by heating a mixture of K2CO3 (Alfa Aesar, 99%) and Nb2O5 (Alfa 
Aesar, 99%) (molar ratio = 2.1:3.0, excess of K2CO3 was added to compensate the loss during 
volatilization) at 900 °C for 1h in an alumina crucible, reground and heated to 1050 
o
C for 
another 24 h. The product was washed with distilled water and acetone before drying at 70 °C. 
Initially to form HxK4-xNb6O17, 2.0 g of K4Nb6O17 powder were ground 15 min and treated at 40 
o
C for 3 days with 50 mL of a 3M HCl solution. To prepare pure nanoscrolls, HxK4-xNb6O17 
powder in aqueous solution were treated with 10% tetrabutylammonium hydroxide (TBAOH, 
Alfa Aesar, 40% w/w aq. soln.) at 60 °C for 1 week. The product was washed with distilled 
water and acetone before drying at 70 °C. To compare the nanoscrolls prepared in aqueous 
solution and organic solution, as discussed later, HxK4-xNb6O17 powder in 15 mL octyl ether 
(Aldrich, 99%) was mixed with oleyl amine (Aldrich Tech, 70%), oleic acid (Aldrich, TG 90%) 
and tetrabutylammonium hydroxide 30-hydrate (TBAOH, Sigma Aldrich) and heated up to 350 
o
C for 1 h under N2 atmosphere. The product was washed by hexane and ethanol to remove 
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excess surfactants and finally dried at 70 
o
C. Both nanosheet and nanoscroll products were 
redispersed in ethanol for characterization on a JEOL 2010 TEM. 
 
2.2.2 Preparation of Co Nanoparticle Chains inside Niobate Nanoscrolls 
Typically, 0.17 mL (0.52 mmol) oleyl amine, 0.15 mL (0.48 mmol) oleic acid, and 0.1 g (0.1 
mmol) tetrabutylammonium hydroxide 30-hydrate were added into a nanosheet solution 
containing 0.1 g (about 0.16 mmol) HxK4-xNb6O17 powder in 15 mL octyl ether and stirred for 20 
min. TBAOH 30-hydrate is insoluble in octyl ether at room temperature but can be well 
dissolved at 100 °C. The mixture was heated to at least 100 °C to remove moisture and 
completely solubilize TBAOH 30-hydrate. The reaction mixture was then placed under a 
protective blanket of flowing nitrogen.  0.1 g (0.58 mmol) of cobalt carbonyl (Co2(CO)8, Alfa 
Aesar, stabilized w/ 1-5% Hexane) dissolved in 5 mL hexane was injected into the mixture, 
heated up to 250 °C, and maintained at this temperature for 1 h. Caution: Cobalt carbonyl 
should be handled with extreme caution due to its high toxicity. To remove excess surfactant and 
free Co NPs, the crude products were washed in hexane and ethanol, sonicated, and centrifuged 
treated 3 times each.  The final product was redispersed in hexane for characterization by TEM. 
For samples with wider size distributions, a simple size separation was applied by centrifuging 
several seconds and collecting top suspension for TEM observation. In some cases the sample 
was also exposed to a strong magnet to separate Co NPs attached to nanosheets from empty 
scrolled and unscrolled nanosheets. Benzyl ether (Aldrich, 99%) was used to replace octyl ether 
while other parameters were the same. The experiments without applying TBAOH were also 
carried out. One was only using oleyl amine and oleic acid, while another was using octyl amine 
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(Alfa Aesar, 99%) and oleic acid. Compared experiment applying TBAOH and oleic acid only 
were done to confirm the function of amine on the formation of magnetic NPs. 
 
2.2.3 Preparation of Co Nanoparticles 
    Pure Co NPs were prepared for the comparison with Co@niobate nanopeapods. Oleyl amine 
and oleic acid were mixed in octyl ether and heated to 100 
o
C under flowing nitrogen. Cobalt 
carbonyl (Co2(CO)8) dissolved in 5 mL hexane was injected into the mixture, heated up to 250 
°C, and maintained for 1 h. The product was then cooled down to room temperature and washed 
with hexane and ethanol to remove excess surfactants. The final product was dissolved in hexane 
for TEM observation. Product was dried at 70 
o
C, collected and ground to prepare XRD sample.  
 
2.2.4 Characterization 
Transmission electron microscopy (TEM), high resolution (HRTEM) and energy dispersive 
spectroscope (EDS) data were collected on a JEOL 2010 TEM and EDS attached. TEM samples 
were dispersed on 200 mesh carbon grids or Lacey Formvar Carbon grids (300 mesh). X-ray 
diffraction (XRD) patterns were collected on a Philips X-Pert PW 3020 MPD diffractometer 
(Cu-Kα radiation, λ = 1.5418Å). Quantum Design MPMS-7XL superconducting quantum 
interference device (SQUID) with 7.0 T magnet were used to collected hysteresis data on both 
Co NPs and nanopeapod samples. 
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2.3 Results 
    Nanoscrolls.  In Chapter 1, we discussed niobate nanoscrolls prepared by treating H4Nb6O17 
nanosheets with TBAOH in aqueous solvent. The procedure needs at least 3-5 days at 60-80 
o
C. 
The same nanoscroll structure can be obtained by using organic solvents at elevated temperatures 
(up to 350 
o
C) for only 1 h. Figure 2.1 shows the TEM images of niobate nanoscrolls prepared in 
organic solvent. In Figure 2.1a and b, niobate nanoscrolls are obtained in benzyl ether and octyl 
ether respectively, by using TBAOH and oleyl amine as surfactants at 250 
o
C for 1 h. It can be 
seen by TEM that these nanoscrolls are similar to ones made in aqueous solution. HRTEM image 
 
Figure 2.1. TEM images of niobate nanoscrolls prepared in organic solvents using oleyl amine 
and TBAOH as surfactants. (a) benzyl ether at 250 
o
C, (c) is the HRTEM image of (a); (b) octyl 
ether at 250 
o
C; (d) octyl ether at 140 
o
C. 
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Figure 2.2. TEM images of pure Co NPs. 
 
 
(Figure 2.1c) shows the interlayer distance of 0.93 nm and 0.32 nm, which are in good agreement 
with the (040) and (002) planes of H4Nb6O17 crystal.
19c
 Lower reaction temperatures (140 
o
C) for 
longer times (3 days) can give niobate nanoscrolls as well, as shown in Figure 2.1d. Though this 
approach results in lower nanoscroll yields and the quality of the scrolls is poorer in that clearly 
isolated, well defined nanoscrolls are much less. Further, in some cases, many of the nanoscrolls 
are still attached to nanosheets. 
Co Nanoparticles.  The thermal decomposition method is widely used to prepare NPs. Various 
magnetic NPs can be prepared by this method.
24
 Co NPs obtained from decomposition of cobalt 
carbonyl at 250 
o
C are shown in Figure 2.2. A large amount of Co NPs with an average diameter 
of 16.5 nm can self-assemble on the TEM grid. These Co NPs can also form chain structure due 
to the dipole-dipole interactions. With suitable conditions, such as rapid evaporation, chain and 
ring can be observed.
25
 
Nanopeapods.  Figure 2.3 presents a series of nanopeapods. Co NPs formed from thermal 
decomposition of cobalt carbonyl will combine with niobate NSs already dispersed in octyl ether 
with surfactants. Two kinds of nanopeapod can be obtained from resulting products: single- and 
multi-wall nanopeapod, as shown in Figures 2.3a and b, respectively. Figure 2.3a shows two Co  
30 
 
 
 
Figure 2.3. TEM images of (a) single-wall nanopeapod; (b) multi-wall nanopeapod;  
(c) as-synthesized product. 
 
NP chain covered by niobate nanosheet. Co NP chain I forms a nanopeapod structure consisting 
of 7 Co NPs and a single-wall niobate nanoscroll with the layer thickness of 10 Å; this thickness 
is in good agreement with that known for a single niobate nanosheet.
19c
 Co NP chain II attaches 
to a piece of niobate nanosheet as well, but it is not as well defined. A multi-wall nanopeapod is 
shown in Figure 2.3b. It can be seen that one side of nanopeapod has 3 layers while the other 
side has 4. As-prepared samples, as shown in Figure 2.3c, contain nanopeapods as well as some 
free Co NPs, nanosheets and nanoscrolls. Byproducts can be minimized by additional 
processing, including centrifugation and magnet separation. After separation, large nanosheets  
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Figure 2.4. (a) TEM image of Co NP in nanopeapod, insert is the HRTEM image converted by 
autocorrelation. (b) EDS of nanopeapod. 
 
with Co NPs attached on them can be removed, while thin nanosheets, nanoscrolls, as well as 
nanopeapods are still in solution. 
Detailed characterizations of Co NPs in a nanopeapod are shown in Figure 2.4. Figure 2.4a is 
the TEM image of one of the Co NPs in a nanopeapod. The crystalline Co NPs shows a lattice 
spacing of 0.20 nm, which is consistent with the (221) reflection of epsilon cobalt.
26
 EDS shows 
cobalt along with niobium and a small amount of potassium. Residual potassium comes from the 
incomplete ion exchange and exfoliation reactions.  
It has been reported, as well as seen in this study, that the outer diameter of empty niobate 
nanoscrolls prepared in aqueous solution is about 20 nm.
19c
  However, from Figure 2.3b, we can 
see that the outer diameter of multi-wall nanopeapod is constant and determined by the largest 
encapsulated Co NPs; the distance between small encapsulated Co NPs and nanoscroll wall is 
larger than the distance between largest Co NPs and wall, indicating that there is less influence 
comes from small Co NPs. The measured distance between largest Co NPs and nanoscroll wall is 
about 2 nm, which corresponds to the length of oleyl amine and oleic acid molecular assembly 
forming on the NPs.
27
 Interestingly, the outer diameter of single-wall nanopeapods is undulating  
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Figure 2.5. TEM images of single-wall nanopeapods, indicating the outer diameter is consist 
with the Co NP size. (a) The peapod can be divided into four parts depending on the size of Co 
NPs. (b) Nanopeapod with uniform Co NP size. 
 
along the length of peapods. As shown in Figure 2.5a, a nanopeapod contains Co NPs with 
various sizes; the outer diameter can be divided into 4 different sections along the length of 
peapod. Initially, the diameter is likely to be constant and it shows an obvious increase in the 
middle of structure due to the larger NP size. Then the diameter decreases and increases again to 
form fit the encapsulated Co NPs. In an enlarged TEM image of another single-wall nanopeapod 
(Figure 2.5b), Co NPs have very homogenous shape and size. In this case, the diameter of 
nanopeapod is clearly varying along the length of the pod. It is can be seen that, from the top of 
image, nanoscroll shows a constant outer diameter until it meets the first Co NPs; the nanoscroll 
expands itself to fit the NP. The space between NP and scroll wall is still about 2 nm.    
    Different niobate to Co ratios have been applied to better understand the synthetical procedure. 
In the preparation of nanopeapod structures, a large excess of Co may not suitable for improving 
yield because it may result in self-assembly of NPs.
28
 Based on the moles of Nb in H4Nb6O17 and 
Co in Co2(CO)8, four ratios (1:2, 1:1.5, 1:1, 1:0.5) were examined in the preparation of 
nanopeapods. The results are shown in Figure 2.6. More Co NPs form when the Co ratio is high; 
since free Co NPs in solution can be easily removed by hexane, the resulting excess Co NPs on  
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Figure 2.6. TEM images of products with different Nb/Co ratio. 
 
niobate nanosheets don’t seem to have a significant influence on the yield of nanopeapods. Also, 
if the ratio of niobium:cobalt is lowered by 90% to 1:0.1, this produces samples that contain no 
free particles in solution and a minimal dusting of particles on the stir bar.  Reactions using ratios 
of 1:1 and 1:0.5 are preferred in that they yield the greater total numbers of peapods.  
In the above mentioned procedure, we use 1 h as the reaction time. Longer (2 h) or shorter (30 
min) reaction times do not change the resulting products. Higher reaction temperature (350 
o
C) 
also does not show an effect on the final products.  
One drawback of these experiments is that they can produce Co NPs with a large size 
distribution (Figure 2.7a). To overcome this, the injection temperature at which cobalt carbonyl 
was introduced was changed. In previous experiments, no matter how the reaction time and  
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Figure 2.7. TEM images of nanopeapods prepared at different preheating temperatures: (a) 100 
°C; (b) 110 °C; (c) 140
 
°C and (d) 150 °C. Size distributions are shown to the right and are 
obtained from the consideration of 300-400 NPs per sample. 
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temperature were varied, the cobalt carbonyl was injected into the mixture at 100 
o
C and heated 
to 250 
o
C over a 10 minute time period.  If the carbonyl introduction temperature is increased up 
to 150 
o
C, we can clearly see the improvement in the particle size distribution. At 110 
o
C (Figure 
2.7b), the result is almost the same as at 100 
o
C, only the large amount of NPs less than 5 nm are 
avoided. Above that temperature, the size distributions of products are greatly improved. Figures 
2.7c and d show images of products prepared at 140 
o
C and 150 
o
C, respectively. The sizes of 
NPs are more homogenous and mainly fall into 10 - 20 nm range. Even though reactions were 
started at higher temperatures, the time from carbonyl introduction to 250 °C was kept the same.  
So in the case of 150
o
C for example, the heating rate was slowed to 10 
o
C/min. It is believed that 
at the higher start temperature the nucleation of NPs is more homogenous and the slow 
temperature increase makes NP growth smooth and homogenous as well. Above 150 
o
C, the 
cobalt carbonyl decomposition reaction is too vigorous and therefore it is not safe to introduce 
this reagent at higher temperatures.     
Additional experiments were carried out to determine the function of surfactants. First of all, 
the reaction was carried out in the absence of TBAOH (Figures 2.8a and b) with only with oleyl 
amine and oleic acid. TBAOH is known to contribute the most to the formation of niobate 
nanoscrolls.
19a
 While this combination does show nanopeapods as observed in previous 
experiments, the yield of nanoscrolls as well as nanopeapods is low because oleyl amine is not 
especially effective for the formation of niobate nanoscrolls. The large size distribution is 
considered the result of low starting temperature of decomposition as discussed above. In another 
experiment (Figure 2.8c), octyl amine was used to replace oleyl amine, very similar results are 
seen indicating that octyl amine has the same contribution in the formation of Co NPs as oleyl 
amine, and neither of them result in a high yield of niobate nanoscrolls. If we only use TBAOH  
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Figure 2.8. TEM images of nanopeapod from various reaction conditions. (a) and (b), only oleyl 
amine and oleic acid are used as surfactant; (c) octyl amine and oleic acid are surfactants; (d) 
TBAOH and oleic acid are surfactants.   
 
and oleic acid, as shown in Figure 2.8d, nice nanoscrolls accompanied with large amount of 
small Co NPs (smaller than 5 nm) were observed, indicating that TBAOH is good for the 
formation of niobate nanoscrolls but has limited contribution to NPs. Co NPs less than 8 nm are 
not desirable in that they are too small to form NP chains due to dipole-dipole interactions.
29
 
    The effect of surfactants on niobate nanoscrolls can also be confirmed by XRD. As shown in 
Figure 2.9, oleic acid or octyl ether cannot react with niobate, while oleyl amine can react 
through ion-exchange to expand the interlayer distance of layered niobate as indicated by the  
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Figure 2.9.  XRD spectra of nanopeapod and HNO reacted with different chemicals. 
 
peak shift from 10.5
o
 to lower angles, which is the first step of exfoliation prior to scrolling. The 
effect of alkyl amine has been studied by Peng et al.
30
 and Sato et al.,
31
 and our results for octyl 
amine ((040) reflection at 10.5
o
 shifts to 3
o
, (060) reflection moves to 7
o
) well matches their 
description. Oleyl amine gives similar results but with a much greater disruption of the 
crystalline structure as indicated by the set of significantly broad diffraction peaks. TBAOH have 
the similar effect as oleyl amine, also exhibiting broad diffraction peaks (Figure 2.9f). The XRD 
of the nanopeapod final product (Figure 2.9g) also shows a clear shift of the 10.5
o 
reflection. In 
this case however, two peaks are formed - one is the same as seen with TBAOH (Figure 2.9f), 
while another one at lower angle is likely being the effect of oleyl amine. 
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Figure 2.10.  XRD spectra of KNO, HNO, HNO reacted with TBAOH and nanopeapod.  
Insert shows the spectra of pure Co NPs before and after annealing in H2. 
 
XRD spectra (Figure 2.10) also help to identify the phase of Co within the nanopeapods. The 
peaks of Co NPs in nanopeapod sample are not clear because the spectra are dominated by the 
niobate component. Using the exact same synthetic procedure, but without nanosheets, Co NPs  
were prepared. As shown in the insert, long XRD scans (≥ 5 h, 35° - 50° two theta) were also of 
low quality but appeared to contain one or two phases, one set consistent with epsilon cobalt
26
 
(observed reflections: 44.7°, 47.2° and 49.6° two theta) and the other, similar to epsilon cobalt 
but with a slightly larger unit cell (43.7°, 46.2° and 48.6° two theta).  On annealing in dilute 
hydrogen (10% H2 in N2) at 400 
o
C, FCC Co can be observed as previously reported.
26
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Figure 2.11. Magnetic data from Co@HNO nanocomposite shows the hysteresis loop at room 
temperature. Insert is the curve of pure niobate nanosheets. 
 
The magnetization curves (collected by Dr. Sanjaya Ranmohotti) for both pure niobate 
nanosheets (inset) and Co@niobate nanocomposite at 300 K are shown in Figure 2.11. Pure 
niobate nanosheets are diamagnetic and do not show any ferromagnetic properties. While after 
the inclusion of Co NPs, the nanocomposite shows hysteretic behavior. The obtained remanence 
magnetization MR and coercivity HC are 0.71 emu/g and 143 Oe, respectively. These nonzero MR  
and HC indicate that the Co@niobate nanocomposite is ferromagnetic at room temperature, 
which is consistent with the formation of Co chains.   
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2.4 Discussion 
    Figure 2.12 shows the synthetic procedure used in the formation of nanopeapods. This 
procedure is quite effective in the production of peapod structures. If the same procedure is 
performed, but instead of a nanosheet solution we use a solution of scrolled nanosheets, no 
peapods are observed. Directly mixing pre-formed Co NPs and nanosheets under the same 
reaction conditions also does not lead to peapods. 
Based on the observed series of images, we propose a mechanism for the formation of 
nanopeapods. Initially, cobalt carbonyl decomposes and Co NPs nucleate and grow in solution. 
This is a quick step. Once the size of Co NPs above the critical size (8 nm), the Co NPs can form 
a chain structure due to the dipole-dipole interactions.  
The chain structures either form in solution and attach to the niobate nanosheets or, form 
directly on the nanosheets. Meanwhile, in the presence of TBAOH, niobate nanosheets have a 
tendency to scroll. After chain attach to the surface of nanosheet, the top layer nanosheet curls to 
encase the Co NP chain. Further scrolling of niobate nanoscroll will complete the formation of 
nanopeapod. After scrolling, the nanopeapod may detach from substrate and go into solution or 
remain fixed to the larger nanosheet. This proposed mechanism is shown in Figure 2.13. It 
should be noted that this is not the only plausible mechanism for peapod formation. Similar 
structures could certainly form by a related mechanism from individual nanosheets free in 
solution, or through the insertion of NPs into rolled nanosheets, though the latter may be less 
effective for larger NP’s due to the relatively small average outer diameter (ca. 20 nm) available 
in these structures. 
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Figure 2.12.  Procedure to prepare Co@HNO nanopeapods. 
 
The TEM image in Figure 2.14a corresponds to the step 2 in Figure 2.13. Co NP chain 
aligning on niobate nanosheet may have a structure more than 1 µm and contain over 40 Co NPs. 
TEM images suggest that NPs can align on the surface of thin multilayer nanosheets; here we 
expect that exfoliated multilayer niobate crystals are better than single layers in the formation of 
nanopeapod structures since the multilayered structures allow for more rigid reaction platforms 
in solution.  In the following step, after the separation of nanosheets and peapods, these long 
chains may break in the middle, losing their origin shape. Due to the asymmetry of the niobate 
layers, the sheets will only curl in one orientation.
19a
 This is likely important as to whether the 
top layer of a rigid nanosheet can scroll up to encase the NPs (Figure 2.14a white arrows) before 
detaching from the surface. Figure 2.14b gives an example of step 4 in Figure 2.13. The peapod 
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structure is already completed and the nanopeapod lies down on the substrate. If in a proper 
environment, it may detach from the substrate and enter into solution. Figure 2.14c shows an 
isolated peapod structure where the nanosheet appears to be curling from two sides to encase two 
adjacent NP chains. The chains may have aligned simultaneously on the same nanosheet and 
were encased as scrolling occurred from opposite sides. This is consistent with our proposed 
mechanism. 
    It is interesting to note that before the nanopeapod leaves the substrate (Figure 2.14a), most 
of peapod structures observed are single-wall, while after that, more multi-wall structures can be 
observed as free isolated peapods. This phenomenon indicates that the nanoscroll structures may 
initially form on substrate niobate layers as single layer structures and then after detaching from 
the niobate substrate surface, continue to scroll while free in solution to form the multi-walled 
structures. 
    To roughly estimate the fraction of nanopeapods produced, we first examined samples 
synthesized with the lower relative amount of cobalt in the preparation (Nb:Co = 1:0.1).  This 
produces samples that contain no free particles in solution and a very small fraction adhered to 
the stir bar – so most NPs (almost 100%) are attached to nanosheets.  TEM analysis of particle 
distributions were carried out where separate samples were loaded on TEM grids and a series of 
7-10 images (areas of ca. 2 μ x 2 μ each) were used to estimate the fraction of (1) free NPs 
attached to the nanosheets, (2) NPs in magnetic chains, and (3) NPs in peapods. The series of 
TEM images presented in Figure 2.15 are typical of those used to estimate NP distributions. In 
one analysis, as much as 34% of the NPs were contained in peapods. On average however, this 
number was much closer to 10%.  We also carried out similar analyses on other samples made 
with the higher cobalt loadings, (Nb:Co = 1:10); this higher cobalt loading increases the overall 
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Figure 2.13.  Proposed mechanism for the formation of a nanopeapod. (a) Co NPs nucleate and 
grow in solution. (b) NPs assemble and form chains on the surface of niobate nanosheets. (c) 
Niobate nanosheets scroll around the chain. (d) Nanopeapods form and separate from niobate 
nanosheets.
23
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Figure 2.14. TEM images supporting the mechanism. (a) Aligned peapods on a nanosheet, 
indicated by white arrows. (b) Formed peapod still lies on the substrate. (c) Free peapod structure 
where the nanosheet appears to be curling from two sides to encase two adjacent NP chains; 
black arrows indicate the two NP chains. 
 
numbers of peapods in the samples, though, the relative fraction of NPs in the nanopeapods as 
seen in TEM image analysis still averaged about 10%. No effort was made in these samples to 
estimate the fraction of free NPs in solution or that adhered to the stir bar. 
 
2.5 Conclusions 
    A novel method has been developed to fabricate nanopeapod structures. Co@niobate 
nanopeapods can be readily prepared via the scrolling of niobate nanosheets around magnetically  
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Figure 2.15. A series of TEM images used to estimate the yield. 
 
 
 
aligned chains of Co NPs. This approach is unique in peapod fabrication methods in that it 
involves NP chain assembly and nanosheet scrolling. Compared with previous methods – most 
of them use template, core-shell structure, or applied effect to fabricate peapod – this in-situ 
method is simple and convenient. While our approach has focused on niobate nanosheets, a 
number of other layered materials might also be utilized.
16 
Similarly, a variety of NP chain 
components could also be incorporated – other magnetic NPs are known to form chains,32 as do 
some non-magnetic nanostructures such as those based on functionalized NP or fullerene 
molecules.
33
 Further, shapes should not be limited to spherical NPs, cubes, rods or nanowire 
structures may also be amenable to nanosheet encapsulation.
34,35,36
  The availability of such a 
wide variety of components could offer important flexibility in the design of technologically 
significant materials including those with applications in catalysis, magnetics, or sensors.   
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Chapter 3 
In-situ Synthesis of Gold Nanoparticles on Layered Perovskites  
 
 
3.1 Introduction 
The properties of layered perovskites have been extensively investigated in the recent decades 
due to their significance in both fundamental research and technology applications.
1,2 
Three 
series of layered perovskites, Dion-Jacobson phases MAn-1BnO3n+1, Ruddlesden-Popper phases 
M2An-1BnO3n+1 (M is an alkali-metal cation, A is an alkali-metal, alkaline earth, main group 
and/or rare earth, and B is a transition metal), and Aurivillius phases are known as ion-
exchangeable layered perovskites.
3
 Among those, the Dion-Jacobson phase RbLaNb2O7 is well 
known due to its ability to readily form protonated products by acid treatment and n-alkoxy 
derivatives through grafting reactions with n-alcohols.
4
 The Ruddlesden-Popper phase 
K2SrTa2O7 and Aurivillius phases Bi2W2O9 are also used to form exfoliated nanosheets through 
proton ion-exchange and exfoliation.
5,6
  
More and more researchers have being focused on tailoring the structure of perovskites on the 
nanometer scale because of the particular advantages due to the high specific surface areas and 
anisotropic structures. Exfoliation processes can give nanosheets several nanometers thick and 
micrometer lateral sides. Such components are desirable as building blocks in different fields, 
e.g. catalysis,
7
 magnetics,
8
 optics,
9
 etc. For example, exfoliated perovskite (Ca2Nb3O10) 
nanosheets modified with Fe3O4 nanoparticles (NPs) have a biaxial magnetic anisotropy along 
the plane and can be rotated in real time with a variable external magnetic field.
8
 The same 
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Ca2Nb3O10 nanosheets once modified with Au NPs can reflect incident light and work like a 
nanoparticle mirror (NM).
9a
   
Au NPs are used in many areas including biology, optics, catalysis, etc. 
10,11,12
 One of the 
current challenges in their application is how to control the morphology and dispersion of Au 
NPs on supporting substrates. Several techniques have been reported to prepare Au NPs 
modified oxide nanosheets (zeolite, hydroxyapatite, octosilicate) or oxide NPs.
13,14
 Mallouk et al. 
for example have reported the intercalation of Au NPs into exfoliated multi-layered HCa2Nb3O10 
perovskite and fluoromica following intercalation of a polyamine.
15,16
 While these methods are 
effective, approaches to processing could benefit from an in situ techniques for the controlled 
placement of Au NPs on oxide surfaces.  
    Here we present two general methods, an aqueous and a two-phase route, for the preparation 
of Au NPs on the surfaces of perovskite layers. Various layered perovskites, including 
HLaNb2O7 (HLN), its organic derivate, propoxyl-HLaNb2O7 (pHLN), H2SrTa2O7 (HSTO), 
H2W2O7 (HWO) were exfoliated and then modified with Au NPs with controlled sizes and 
dispersion. By using the two-phase synthesis procedure, most Au NPs formed in solution will 
attach to the surface of nanosheets (NSs). Au NPs protected by surfactants with different 
functional groups show different attachment ability. This approach appears especially effective 
when NPs have hydrophilic surfaces.  
 
3.2 Experimental  
3.2.1 Syntheses of Au NPs on D-J Perovskite RbLaNb2O7 
3.2.1.1 Preparation of RbLaNb2O7.
7a
    
    RbLaNb2O7 (RbLN) was prepared by a solid state reaction of Rb2CO3 (99.8%, Alfa Aesar), 
La2O3 (99.999%, Alfa Aesar), and Nb2O5 (99.9%, Alfa Aesar). A molar excess of Rb2CO3 (25%) 
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was added to compensate the loss of Rb as the volatile oxide during reaction. Reagents were 
ground together and calcined at 850 
o
C for 12 h in an alumina crucible, reground, and heated at 
1050 
o
C for an additional 24 h. The crude product was washed with distilled water and acetone 
before drying at 70 
o
C. 
3.2.1.2 Preparation of HLaNb2O7 (HLN).
4a
  
    Protonated HLaNb2O7 was synthesized by the treatment of RbLaNb2O7 with 6 M HNO3 at 60 
o
C for 3 days. The product was washed with distilled water and dried at 70 
o
C. The supernatant 
was used as exfoliated NSs.  
3.2.1.3 Interlayer Surface Modification with Propanol.  
    n-Propoxyl-HLN (pHLN) was prepared a grafting technique based on Sugahara’s method.4a 
Typically, 1.5 g HLN was mixed with 25 mL n-Propanol (AR, J.T. Baker) and 5 mL distilled 
water at 80 
o
C for 7 days. The product was washed by distilled water and dried at 70 
o
C. 
3.2.1.4 Synthesis of Gold NPs on Niobate Surfaces.  
    Two methods were investigated for producing Au NPs: 1) a simple aqueous approach
17
 and 2) 
a two-phase method.
18
 In the aqueous method, HLN NSs were redispersed in a trisodium citrate 
salt solution (trisodium citrate dihydrate, GR, EMD). The mixture was directly added into a 
boiling 1.0 mM solution of HAuCl4·3H2O (99.999%, Alfa Aesar). The solution was refluxed for 
30 min and then allowed to cool down to the room temperature. The color of the product 
changed from ruby red to purple and slowly precipitated.  The precipitate were collected by 
centrifugation, washed, and redispersed in alcohol for characterization by TEM. 
    Synthesis of Au NPs via the two-phase method is based on techniques similar to that reported 
by Brust et al.
18
 An aqueous solution of HAuCl4·3H2O was added to a vigorously stirred toluene 
solution of tetraoctylammonium bromide (TOAB, 98%, Aldrich). The yellow HAuCl4·3H2O 
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aqueous solution quickly cleared and the toluene phase became orange-brown as the AuCl4
-
 
formed a complex with TOAB. The organic phase was isolated and an excess amount of 6-
mercapto-1-hexanol (97 %, Aldrich) was added as a surfactant. The solution became colorless in 
the presence of the surfactant. The concentrations of the Au precursor solutions (0.1 mM, 0.5 
mM and 1.0 mM) were adjusted with different amounts of toluene. 15 mg of niobate NSs were 
redispersed in 3 mL water to form a colloid and added to 30 mL of the toluene Au complex 
solution with continuously stirring to give floccules. In some cases, water was mixed with 
alcohol. Over 20 min, 0.1 M NaBH4 (> 98.5%, Aldrich) was then added dropwise into the 
mixture. The suspension turned purple and slowly separated into two layers – a colorless toluene 
phase and purple aqueous phase. Typically the resulting products were kept overnight at room 
temperature (20 h), though size variation could be achieved by adjusting the reaction time 
between 2 and 96 hours. After carefully removing solvent by decanting after centrifugation, the 
products were washed twice with distilled water and ethanol. The final products are pink and can 
vary somewhat in color due to different amounts of Au NPs attached on the NSs surface. 1-
Octanethiol (98.5%, Sigma Aldrich), 3-mercaptopropionic acid (MPA, 99%, Alfa Aesar) and 11-
mercaptoundecanoic acid (MUA, 95%, Sigma Aldrich) were used as substitutes to prepare Au 
NPs following the same processes. XRD data were taken after drying products at 70 
o
C. For 
TEM observation, powder samples were redispersed in alcohol before analysis.  
 
3.2.2 Synthesis of Au NPs on R-P Perovskite H2SrTa2O7 
3.2.2.1 Preparation of K2SrTa2O7.
19
  
    K2SrTa2O7 was prepared from stoichiometric amounts of KOH (in 50% excess) (99.99%, Alfa 
Aesar), SrCO3 (99.994%, Alfa Aesar) and Ta2O5 (99.85%, Alfa Aesar). Reagents were well 
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ground, pressed into pellets and placed in an alumina crucible. The sample was heated at 850 
o
C 
for 12 h, reground and heated at 1050 
o
C for additional 6 h. 
3.2.2.2 Preparation of H2SrTa2O7.  
    H2SrTa2O7 was prepared by ion-exchanging K2SrTa2O7 powder in 0.5 M HNO3 at 40 
o
C for 
up to 1 week. The sample was collected and washed with water and acetone before drying at 70 
o
C. The supernatant was used as exfoliated NSs. TEM samples were prepared by redispersing the 
H2SrTa2O7 sample in ethanol and dropping the suspension on a 200 mesh TEM grid. 
3.2.2.3 Synthesis of Au NPs on H2SrTa2O7 NSs.  
Synthesis of Au NPs on H2SrTa2O7 NS surfaces was carried out by the two-phase method like 
that used with the niobate NSs. Here however, only 6-mercapto-1-hexanol (MH) and 3- 
mercaptopropionic acid (MPA) were used as surfactants. 
 
3.2.3 Synthesis of Au NPs on Aurivillius perovskite H2W2O7 
3.2.3.1 Preparation of  H2W2O7 
6,20
 
H2W2O7 was prepared by Dr. Ranmohotti following Mallouk’s method.
6
 Initially, Bi2W2O9 
was prepared by stoichiometric amounts of Bi2O3 and WO3 at 800 
o
C for 16 h. The resulting 
product was treated with 6M HCl for 3 days to replace Bi2O2
2+
 with 2H
+
. After washing with 
distilled water, the product was dried at 70 
o
C. 
3.2.3.2 Preparation of Au NPs Modified H2W2O7 NSs 
The modification of H2W2O7 with Au NPs follows the same two-phase method as discussed 
above. Both MH and MPA are used as surfactants to synthesize Au NPs. 
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3.2.4 Characterization  
    A JEOL 2010 transmission electron microscope (TEM) was used to characterize the 
morphologies and structures of the products. Energy dispersive spectroscopy (EDS) provided 
qualitative information on composition. TEM samples were dispersed on 200 mesh carbon grids 
or Lacey Formvar Carbon grids (300 mesh). X-ray diffraction (XRD) patterns were collected on 
a Philips X-Pert PW 3020 MPD diffractometer (Cu-Kα radiation, λ = 1.5418Å). All scans were 
between 2
o
 to 75
o
. UV-vis spectra were collected versus ethanol on a Cary 500 UV-Vis-Nir 
Spectrophotometer.  
 
3.3 Results 
3.3.1  Au NP Modified D-J Type Perovskite HLaNb2O7 (HLN).  
    TEM and HRTEM images of exfoliated HLN NSs are shown in Figure 3.1. Figure 3.1a shows 
one piece of exfoliated HLN NS. The thickness of one niobate layer is reported as 0.757-0.762 
nm;
21
 in the TEM images layers appear transparent. The HRTEM images in Figures 3.1b and c 
show the interlayer distances 1.08 nm and 0.31 nm, which are consistent with the (001) and 
(102) planes of HLN, respectively. XRD spectrum of HLN is shown in Figure 3.2 where the first 
two main peaks appear at 8.5
o
 and 28
o
 2θ also corresponds to the (001) and (102) planes.  After 
the formation of HLN, organic species (i.e. alkyls) can be readily grafted onto the layers 
replacing H
+
 and further expanding the interlayer distance. Figure 3.2 shows the XRD pattern of 
pHLN, the n-propanol exchanged HLN. The first peak at 8.5
o
 of HLN shifts to about 5.8
o
, 
consistent with the replacement of the proton with a n-propoxyl group.
4a
   
 
55 
 
 
 
Figure 3.1.  (a) TEM, (b) and (c) HRTEM images of HLN NSs, 1.08 nm and 0.31 nm are 
consistent with the (001) and (102) planes of HLN. 
 
 
 
Figure 3.2. XRD pattern of RbLN, HLN and pHLN. Select reflections of RbLN are labeled. 
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Figure 3.3. (a) TEM and (b) HRTEM images of Au-pHLN NSs prepared by the aqueous 
method. (c) EDS spectrum of Au-pHLN nanocomposites  
 
TEM images of Au-niobate nanocomposites prepared by the simple aqueous method are 
shown in Figure 3.3. Figure 3.3a clearly shows a single piece of pHLN NS and the aggregation 
of Au NPs. Most of the Au NPs formed are larger than 10 nm and are aggregated while other 
NPs are smaller than 10 nm. It is worth noting that Au NPs have the tendency to directly attach 
and grow on the surface of niobate NSs. HRTEM (Figure 3.3b) and EDS spectrum (Figure 3.3c) 
both confirm the presence of Au NPs.  
Au NPs prepared by the two-phase method have a narrow size distribution and the average 
diameter is around 5 nm. TEM images (Figure 3.4) show the pHLN NSs modified with Au NPs. 
Most of Au NPs attached on niobate surfaces (Figure 3.4a) keep the same shape and size 
distribution as the pure Au NPs prepared in solution, although some aggregation and different 
shapes still can be observed. All Au NPs are attached on the surface of the substrate therefore no 
free Au NPs can be observed.  HRTEM (Figure 3.4b) image confirms the formation of Au-
niobate nanocomposites where a gold NP is seen on the edge of a NS; the interplane distance 
0.31 nm corresponds to the (102) plane of pHLN and the 0.24 nm interplane distance belongs to 
the Au (111) plane. Changing the ratio of niobate and Au precursor from Nb:Au = 2:1 to 20:1 
did not give an obvious decrease in the quantity of Au NPs (ratio shown in Figure 3.4c is 4:1). 
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Figure 3.4. (a) TEM and (b) HRTEM images of Au-pHLN nanocomposites. Nb:Au = 2:1.  
(c) TEM image of Au-pHLN nanocomposites. Nb:Au = 4:1.  
(d) TEM image of Au-pHLN nanocomposites. Nb:Au = 200:1. 
 
Once the ratio is 200:1, however, the concentration of Au NPs dramatically decreased (Figure 
3.4d). The same process can be applied to niobates with various surfaces, such as pure HLN, 
dHLN NSs, and even unexfoliated RbLN particles. It is clearly seen that Au NPs were attached 
on the surface of NSs and dispersed well regardless of the type of niobates (Figure 3.5a). More 
Au NPs were observed on HLN samples than RbLN following the same reaction process and 
time (Figure 3.5).    
The sizes of NPs can be readily adjusted by changing reaction times. In all experiments 
discussed above, the reaction times are about 20 h and the average Au NPs size is 6 nm. If  
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Figure 3.5. TEM images of (a) Au-HLN and (b) Au-RbLN nanocomposites.  
Two circles in image (b) highlight two Au NPs. 
 
 
 
 
Figure 3.6.  Au-pHLN nanocomposites prepared by different reaction times, 
(a) 2h; (b) 20 h; (c) 96 h. Diagrams showing NPs size distribution are included. 
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Figure 3.7.  Au-pHLN nanocomposites prepared by alternate route – simultaneous addition of 
reducing agent with Au precursors and niobate suspensions as opposed to 20 minute delay prior 
to addition of reducing agent. TEM shows that lots of free Au NPs can be observed. 
 
shorter reaction time (2h) has been applied, Au NPs are all less than 5 nm and have a narrow size 
distribution (Figure 3.6a). Longer reaction time (96 h) gives NPs larger than 20 nm and a wider 
size distribution (Figure 3.6c). 
    To better understand the process of Au NPs formation, different reaction procedures were 
applied. In all previous experiments, Au precursors and niobate suspensions are mixed and kept 
stirring for at least 20min followed by injection of the reducing agent (NaBH4) during vigorous 
stirring. Here we change the procedure to add reducing agent at the same time as Au precursors 
and niobate suspensions. TEM image Figure 3.7 shows the mixture of modified niobates and a 
large amount of free Au NPs.  
For the better performance in some applications, such as catalysis, it may be desirable to 
remove the surfactant on the Au NPs surface. The thiol can be easily removed by heating the 
sample to 300 
o
C.
13
 After heat treatment, the HLN/Au composites are still pink in color while the 
pHLN/Au composites turn black; likely this latter result is due to the formation an amorphous 
carbon residue as the propanol units that were grafted between niobate layers were burned off. 
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Figure 3.8. TEM image of Au-pHLN nanocomposites after heating to 300
o
C for 4h. 
 
 
From TEM images (Figure 3.8), Au NPs do not show obvious change in size and shape on 
heating.  
The formation of the nanocomposites can be confirmed by XRD spectra. Figure 3.9 shows 
XRD spectra of HLN before and after modification with different amounts of Au NPs. At lower 
loadings of Au precursor (Nb:Au = 2:1), no Au peaks can be observed in the XRD. While with 
higher loadings (Nb:Au = 1:5), Au peak can be clearly seen at 38
o
; this peak corresponds to the 
Au (111) plane.  Total amount of Au NPs formed increases indicated by the color change of 
toluene phase from colorless to pink. However, if there are excess Au NPs, they can be seen to 
stay in the toluene such that only those NPs that are attached to the NS’s make it into the 
aqueous layer. 
The UV-vis spectra are shown in Figure 3.10. Pure pHLN NSs (black line) do not give 
absorption peaks in UV range while free Au NPs (red line) synthesized by two-phase method 
show peaks at 540nm and 610nm. Nanocomposite (blue line) shows broaden peaks at 590nm and 
625nm. 
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Figure 3.9. XRD spectra of (a) Au-HLN with lower Au loading, Nb:Au = 2:1 and  
(b) higher Au loading, Nb:Au = 1:5. Au peak is labeled.  
 
 
Figure 3.10. UV-Vis spectrum of Au NPs, pHLN and Au-pHLN nanocomposites.   
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3.3.2 Au NPs Modified R-P Perovskite H2SrTa2O7 (HSTO) 
   The TEM image of HSTO NS (Figure 3.11a) shows the successful exfoliation of KSTO. The 
HRTEM (Figure 3.11b) image of HSTO NS shows an interlayer distance of 0.385 nm, 
corresponding to the (102) crystal plane; this is also in a good agreement with the peak at 23
o
 of 
XRD spectrum (Figure 3.12).  
    Figure 3.12 shows the calculated and experimental XRD spectra of KSTO. The experimental 
pattern is in good agreement with the calculated one.  After K
+
 is replaced by H
+
, as expected 
some of the XRD peaks shift to higher angles.  The indexing of the peaks is consistent with 
previous reports.
5a,22
  
TEM images of Au NPs modified HSTO are shown in Figure 3.13. Different reaction times, 2 
h, 20 h, and 96 h, were applied, as shown in Figures 3.13 a, b, and c. Shorter reaction times 
 
   
 
Figure 3.11. (a) TEM and (b) HRTEM of HSTO NSs. 
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Figure 3.12. XRD spectra of (a) calculated, (b) experimental KSTO, and (c) exfoliated HSTO. 
 
 
resulted in smaller NP sizes and narrow size distributions. Longer reaction times (20 h) leads to 
the aggregation of adjacent Au NPs. This also indicates that the modification of NSs will take a 
couple of hours and is followed by NP size increases and then finally shape change. The 96 h 
reaction time results in larger NP sizes and a wider size distribution. Au NPs in Figure 3.13c 
show diameters up to 20 nm with different shapes. EDS data (Figure 3.13d) confirms the 
composition of nanocomposites. Both MH (Figure 3.13a and b) and MPA (Figure 3.13c) are 
applied as the surfactant to prepare Au NPs. Based on the experiments for the synthesis of Au-
HLN nanocomposites, MH and MPA both give the most homogeneous products and in general, 
Au NPs prepared with different surfactants but same reaction times do not have obvious 
differences.   
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Figure 3.13. TEM images of Au-HSTO nanocomposites with various reaction times and 
surfactants. (a) 2 h, MH; (b) 20 h, MH; and (c) 96 h, MPA.  (d) EDS of Au-HSTO 
nanocomposites. 
 
XRD spectra (Figure 3.14) confirm the composite formation in the Au-HSTO samples. Main 
peaks of HSTO don’t shift before and after the reaction. The broad peak around 15o comes from 
the plastic XRD sample holder; the small amount of Au-HSTO nanocomposite used in the 
analysis was too little to block the signal from the sample holder. Peak appeared at 38
o
 belongs 
to Au (111) plane. 
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Figure 3.14.  XRD spectra of HSTO (a) before and (b) after the Au NPs modification.   
 
 
 
3.3.3 Au NPs modified Aurivillius Perovskite H2W2O7 (HWO) 
     H2W2O7 NSs are prepared from exfoliated Aurivillius phase perovskite, Bi2W2O9. The 
morphology of H2W2O7 NSs is very similar with the R-P or D-J phase perovskite NSs (Figure 
3.15). Au NPs prepared by the two-phase method with different surfactants can attach to NSs 
surface as other types of layered perovskites. EDS spectrum shows peaks from W and Au. 
 
3.4 Discussion 
    Exfoliation.  In the Dion-Jacobson layered perovskite, RbLaNb2O7, Rb
+
 can be readily 
replaced with a proton by acid treatment and the resulting products can then be functionalized by  
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Figure 3.15. TEM image of (a) MH Au NPs-HWO, (b) MPA Au NPs-HWO, and (c) EDS of (b) 
 
 
the grafting reactions with alcohols to form n-alkoxy derivatives through Nb-O-C covalent 
bonds.
4a
 After the ion-exchange and grafting reactions, interlayer spaces are expanded and the 
interaction between layers is weaker than in the as-synthesized bulk sample. If the spaces 
between layers are far enough apart, individual layers will separate from others (exfoliation). 
Layers dispersed in solutions will be surrounded by cations, such as H
+
 or Rb
+
, and neutralized 
quickly. Additional mechanical treatment, e.g., sonication, will generate more separated layers 
and improve the exfoliation process.
23
 Finally, bulk powder samples turn into a colloid 
containing HLaNb2O7 or its derivative NSs and residual bulk powder. The supernatant can be 
transferred to another container and kept for the future use, and the other part of colloid 
discarded. We are able to synthesize ion-exchanged/grafted ethyl-HLN (eHLN), n-propoxyl-
HLN (pHLN), and n-decoxyl-HLN (dHLN). Exfoliated colloids of those samples are also 
prepared and used for the attachment of Au NPs. Figure 3.16 shows a schematic of the process to 
prepare exfoliated HLN and pHLN.  
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Figure 3.16. Schematic process for the preparation of exfoliated HLN and pHLN. HLN NSs 
were directly prepared from bulk HLN samples. pHLN NSs were prepared through grafting 
reaction and exfoliation. eHLN and dHLN can be prepared by a similar process to that of pHLN. 
 
Au NP attachment. Au NPs synthesized by the aqueous method have been well investigated 
by other researchers and the particle size can be controlled precisely.
24
 Here we introduce this 
method directly to modify the surfaces of perovskites. The procedure in the aqueous solutions 
(Method I) is outlined in Figure 3.17.   
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Figure 3.17. Schematic of synthesis procedure of the aqueous and two-phase method. 
 
 
The formation of colloids indicates that these niobate NSs are dispersed well in water. Citrate 
ions may be adsorbed to niobate NSs through H-bond, which allow the attachment of Au NPs. 
Most Au NPs prepared by this method are not homogeneous, have large sized NPs that show 
aggregation and irregular shapes. We assume that is partially due to the mixture of Au precursor 
(AuCl4
-
, as well as surfactants) and niobate NSs solution is not very homogeneous. If a small Au 
NP attaches to the surface of niobate and keeps growing, this may result in irregular shape and 
size. Another possible reason for the aggregation comes from the reducing agent. Here we use 
trisodium citrate as a reducing agent, which is a mild one, so during the reaction the coating of 
the reducing agent on Au NPs may be blocked by the NSs in the solution, resulting in a relatively 
low concentration of reducing agent. The result of this low concentration is that Au NPs formed 
initially are not fully protected by citrate ions and keep growing into large sizes with irregular 
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shapes. Simultaneously, a lower number of Au NPs attached to niobate surface are observed. 
(Figure 3.3) 
    In order to obtain a NS modified with homogenous Au NPs, a two-phase method has been 
developed to grow Au NPs on the oxide NS. As outlined in the procedure (Method II) shown in 
Figure 3.17, AuCl4
-
 ions were transferred into toluene through the phase transfer agent and 
strong reducing agent (NaBH4), rather than mild agent (trisodium citrate), was applied. All TEM 
samples were obtained directly from the product suspension in alcohol without any separation 
steps. Even though Au NPs functionalized with hydroxyl group can be easily dissolved in 
alcohol, very few free Au NPs were observed indicating that attachment of NPs on the niobate 
surfaces was favored significantly during reaction. 
A possible mechanism for the selective formation of Au NPs on niobate surfaces (Figure 3.18) 
is proposed. The two phase solutions are vigorously agitated.  This allows the hydrophilic NSs 
covered with alcohol (or water) to be suspended in the toluene solution containing the Au 
precursor. After the reducing agent is injected into the solution, Au seeds form immediately in 
the toluene with an average size 1 nm. This process makes the Au seeds more homogenous than 
ones prepared in the aqueous method. The surfactant, 6-mercapto-1-hexanol, also in the toluene 
solution covers the surface of seed through a sulfur-gold bond.  The terminal hydroxyl group on 
the surfactant can make NPs more hydrophilic as the capping groups organize on the surface. 
Finally all NPs transfer from toluene layer to alcohol layer as evidenced by disappearance of 
color in the toluene layer.  However, as discussed in method I, niobates NSs in solution may 
influence the growth, leading to inhomogeneous Au NPs, so some of NPs can show different 
shapes and sizes.  
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Figure 3.18. Schematic of proposed mechanism of Au-niobate nanocomposites 
 
     
    HLN NSs can work as well as the pHLN NS since they both can be effectively dispersed in 
aqueous solutions (Figure 3.5a). Like pHLN, HLN powders are suitable for uniform dispersion 
in alcohol, allowing Au precursors to readily access the surface of niobate. There is no obvious 
difference between HLN and pHLN samples. 
    When RbLN powder is used without any exfoliation treatment, the bulk samples have a large 
particle size and are hard to disperse well in solution.  This in turn makes it difficult to introduce 
Au NPs and control their dispersion. Even with these difficulties, Au NPs can be applied on 
RbLN surfaces by Method II, as shown in Figure 3.5b. Thin layers of RbLN can work in a 
similar fashion to exfoliated NSs and the surface of bulk RbLN particles are also decorated with 
Au NPs (small particles are best seen on the edge of crystal). 
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    Au NPs prepared in less than 2 h give very homogenous size (around 3 nm) and very narrow 
dispersion. Here we assume that the Au NPs are stable on the surfaces and do not have enough 
time to grow further or rearrange. While longer reaction times (96 h) results in NPs larger than 
20 nm in size. The irregular shape and wider size distributions of Au NPs in these samples are 
also partly due to the inhomogeneous reaction conditions. Some Au NPs keep growing after they 
attach to the niobate surface and then lead to irregular shapes and different sizes. 
    Another factor controlling the hydrophilic Au NPs nucleation and growth on the surface of 
niobates is the surfactant. The change of surfactants can greatly change the solubility of Au NPs 
in different solvents and further change the coating properties on the NS. 6-mercapto-1-hexanol 
(MH) was replaced by hydrophobic surfactant 1-octanethiol (CH3(CH2)7SH, OT). In this case, no 
Au-niobate nanocomposites form (TEM images not included). The final products are a purple Au 
NPs toluene solution and white niobate precipitate. The methyl groups on the end of thiol give 
Au NPs hydrophobic properties, which stabilizes the Au NPs in the toluene phase instead of 
allowing them to transfer into the alcohol phase.  In contrast, when MH is used, the final 
products are a purple niobate precipitate and clear toluene phase with no NPs dissolved in it. 3-
mercaptopropionic acid (MPA) and 11-mercaptoundecanoic acid (MUA) were also used as 
substitutes for MH.  MPA works as well as MH while MUA also works but does not give very 
evenly dispersed Au NPs.  
Tables 1 and 2 list the different niobates and surfactants used in our experiments to prepare 
nanocomposites. The resulting products are classified as excellent, good and no coating. An 
excellent product means Au NPs formed during reaction have a homogenous shape and a narrow 
size distribution and the niobate NSs are evenly modified, as shown in Figures 3.4a and c.  A  
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Table 3.1. Au-Niobate nanocomposites from different niobate sources.  Good and excellent 
results refer to the quality of the NP coating on the niobate. For RbLN and dHLN samples, 
attached Au NPs are less relative to the other two samples. 
 
MH-Au NPs with different NSs RbLN HLN pHLN dHLN 
Result Good Excellent Excellent Good 
 
 
Table 3.2. Au-Niobate nanocomposites from different surfactants. Good, excellent, and no 
coating refer to the quality of the NP array on the niobate. Surfactants with hydrophilic groups 
result in good quantity of NP attachment, while hydrophobic groups will prevent NP attachment. 
 
HLN NSs with different Au NPs MH MPA MUA OT 
Result Excellent Excellent Good No coating 
 
 
good product can be the same as the excellent ones under TEM observation or with less quality, 
but not every single NS is modified homogenously.  No coating means that even though Au NPs 
form as usual, none of them are attached to the niobate surfaces. It is clear that the niobates 
modified with shorter molecules in combination with Au NPs modified with hydrophilic 
surfactants are well suited for the formation of Au-niobate nanocomposites.  
If the reducing agent (NaBH4) is mixed simultaneously with niobate colloid in water or 
alcohol at the beginning of the reaction and injected into Au precursor toluene solution, a large 
amount of free Au NPs is observed. In this process, reduction of AuCl4
-
 starts right after mixing 
and leads to the formation of homogenous Au NPs. But at this point, an even dispersion of 
niobate NSs has not formed. Lots of Au NPs transfer into water phase, but do not attach to the 
surface of NSs. Despite the attraction between the oxide NSs surface and Au NPs, this 
interaction is relatively weak and unstable,
13
 and does not lead to effective attachment of all the 
Au NPs.  Apparently, the NS need to be well dispersed for successful attachment of NPS to the 
surface; it may be that soon after nucleation the particles transfer into the polar solvent and attach 
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as small seed crystals to the NS surface.  When the particles are just forming, the attachment may 
readily occur with the NS surface, whereas with the larger particles, displacement of the surface 
groups to secure the NP to the NS appears more problematic.  The resulting products will contain 
niobate NSs modified with Au NPs and also a large amount free Au NPs, as can be seen in 
Figure 3.7. Because both Au NPs and niobates are hydrophilic, it will be hard to remove all the 
free Au NPs without changing the surface coating. Based on this, it can be concluded that the 
initial mixing of the niobate and Au precursor, prior to the reducing agent, is a critical step in this 
method.    
    The UV-vis spectra of nanocomposites (Figure 3.10) are consistent with TEM images. The 
broaden peaks at 590nm and 625nm due to the aggregation of Au NPs on niobate surfaces, also 
indicate that Au NPs formed on the surface may be cylindrical or polygonal plate. The 
absorption peak observed at high wavelength indicates the longitudinal surface plasma band of 
Au NPs with anisotropic morphologies.
25
 
This two-phase synthetic method can be applied not only on the Dion-Jacobson phase but also 
to Ruddlesden-Popper perovskites. As shown in Figure 3.19a, even though their crystal 
structures are different relative to the D-J type perovskites, the surface structure of HSTO is very 
similar to HLN. It is assumed that the same exfoliation process occurred on HSTO and resulted 
in the same surface structures, though with a greater surface charge. Hydrated surfaces are 
suitable for modification by other chemicals and Au NPs. That’s the reason surface 
functionalized Au NPs readily attach to the oxide surfaces. Dispersion and size distribution of 
Au NPs on KSTO can be easily adjusted by varying reagent ratios and reaction times, as also 
seen in the Au-HLN nanocomposites.  
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The crystal structure of Bi2W2O9 is shown in Figure 3.19b.
26
 Tungsten is 6
+
 in this compound, 
so compared with the 5
+
 element Nb or Ta, it should be more acidic, however, the ion-exchange 
of Bi2O2
2+
 with H
+
 is similar as other ion-exchange reactions.
27
 We haven’t tried to control the 
size and dispersion of Au NPs on these NS, but presumably shorter reaction time will produce 
smaller size and longer reaction time will result in larger size and wider distribution as seen in 
the other NS systems.  
 
(a)                                                             (b) 
Figure 3.19. Crystal structures of (a) K2SrTa2O7 and (b) Bi2W2O9. 
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3.5 Conclusions 
    We present a general and straightforward method for the preparation of Au NPs modified 
layered perovskites. As highlighted in Tables 3.1 and 3.2, this method can be applied to different 
niobate surfaces, including RbLN, HLN, pHLN, and dHLN. The Au NPs modified with 
hydrophilic surfactants are more reactive with LN, both with and without layers grafted by short 
chain alcohols. The nucleation of Au NPs in organic phase and transference into aqueous phase 
due to the properties of the two solvents are the most critical steps in this method. Hydrophobic 
Au NPs will not transfer into aqueous phase and coat onto niobate surface. If the reducing agent 
was added before the niobate was well mixed with solvent, only a fraction of the Au NPs will be 
attached to niobate surface and most of them become free NPs in solution. The dispersion and 
size of Au NPs can be adjusted by different reaction ratios and reaction times. When the niobate 
and Au ratios are below 20:1, there is no obvious difference on the coating densities, conversely 
if higher ratios (e.g., 200:1), the number of attached Au NPs will decrease remarkably. Shorter 
reaction time (2 h) will give an average Au NPs diameter of 3 nm with a small size distribution. 
Increasing the reaction time will gradually increase the NP’s size, but with an increase in size 
distribution. The same process has been successfully applied on R-P perovskite KSTO. A similar 
dependence of Au-HSTO and Au-HWO nanocomposites on reaction ratio, time and surfactant 
has been observed. It can be concluded that this method is applicable for the synthesis 
homogeneous Au NPs on a series of perovskites.  
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Chapter 4 
In-situ Synthesis of Gold Nanoparticles on HxK4-xNb6O17 
Nanosheets, Nanoscrolls and LiNbO3 Nanocrystals 
 
 
4.1 Introduction 
The layered oxide, K4Nb6O17 (KNO), has been utilized in a variety of fields due to its 
interesting catalytic, optical, and electronic properties.
1
 The compound has an orthorhombic unit 
cell and contains four layers along the b-axis (axis perpendicular to the layers). Each layer 
consists of sets of NbO6 octahedra, which form a two-dimensional structure via bridging oxygen 
atoms, as shown in Figure 1.3. It is interesting that these layers produce two distinct interlayer 
regions usually referred to as interlayer I and II.
2
 With various experimental conditions, the 
interlayer I cations can be exchanged by H
+
, organic cations such as n-alkylammonium (C4-C18), 
and other guest species.
3
 The resulting products will swell like polymers and can exfoliate into 
thin nanosheets (NSs). For example, propylamine hydrochloride has been applied to achieve the 
exfoliated niobate NSs by separating interlayer I. The product has recently attracted lots of 
attention due to its applications in liquid crystalline.
4
 While the exfoliation of interlayer II is 
quite difficult and can take a long time,
3
 researchers have found tetra(n-butyl)ammonium 
hydroxide (TBAOH) can replace the K
+
 in interlayer II of hydrated potassium niobate to give 
single layer NSs. These NSs are structurally asymmetric and can form nanoscrolls, as reported 
by Mallouk et al.
5
 in 2000.  Following this discovery a series of studies have been reported on 
79 
 
the characterization and properties of these structures.
6,7,8
 As shown by Osterloh et al.,
8
 the 
catalytic behavior of NSs versus nanoscrolls has no significant difference. 
While in some instances the behavior of NSs and nanoscrolls does not show property 
variation, the morphological differences are still significant. NSs prepared from K4Nb6O17 have 
homogeneous thickness and may have extraordinarily large lateral sizes,
9
 and nanoscrolls 
subsequently prepared from these sheets also have homogenous diameters.
6
 Controlled 
decoration of either structure with NPs can then be important to influencing properties.  Further, 
the modification of exfoliated layered materials with NPs is still challenging due to lack of a 
simple method to selectively and homogenously modify such materials. In this chapter, we will 
introduce a general method to synthesize Au NPs on NSs and nanoscrolls as well as on 
nanocrystals.   
 
4.2 Experimental 
 4.2.1 Preparation of K4Nb6O17 Powder Sample.  
A powder sample of K4Nb6O17 was prepared by heating a mixture of K2CO3 (99%, Alfa 
Aesar) and Nb2O5 (99.9%, Alfa Aesar) (molar ratio = 2.1:3.0) at 900 
o
C for 1 h in an alumina 
crucible, reground and heated to 1050 
o
C for another 24h. K2CO3 was used in excess (10% molar 
ratio) to compensate the loss due to volatilization. The hydrate, K4Nb6O17·3H2O, was readily 
formed when powder sample of K4Nb6O17 was washed by distilled water or placed in the 
atmosphere over 1 day. 
4.2.2 Preparation of H4Nb6O17 (HNO) Nanosheets (NSs-I).
4b,4c
 
    0.6g K4Nb6O17·3H2O powder was treated with 0.4 mM aqueous solution of propylamine 
hydrochloride (≥99%, Aldrich) at 80 oC for 5 days with stirring. Concentrated HCl was then 
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added into the exfoliated product (H4Nb6O17) slowly until gelation. The white gel was 
centrifuged and washed three times by distilled water. A thin film of gel was cast on the surface 
of sample holder and dried at 60
o
C for XRD. For TEM observation, the resulting gel was re-
dispersed in acetone to form a dilute suspension and place dropwise on a TEM grid.  
 
4.2.3 Preparation of H4Nb6O17 (HNO)  Nanosheets (NSs-II).
5
  
    0.5g K4Nb6O17·3H2O powder was added to 50mL 3M HCl solution and stirred for 1 week at 
60 
o
C to give ion-exchanged K4-xHxNb6O17. The supernatant of the product was mixed with NaCl 
powder to form a precipitate, and then centrifuged, washed with distilled water and dried at 70 
o
C. 
 
4.2.4 Preparation of Niobate Nanoscrolls.
5
  
The K4-xHxNb6O17 (NSs-II) was then added into 50 mL 10% tetra(n-butyl)ammonium 
hydroxide (TBAOH, Alfa Aesar, 40% w/w aq. soln.) solution and stirred for 1 week at 60 
o
C to 
form nanoscrolls. The resulting product was centrifuged, washed with distilled water at least 3 
times to remove all unreacted reagent, and dried at 70 
o
C. 
 
4.2.5 Synthesis of Au NPs on Niobate Nanosheet Surfaces.  
The two methods described in Chapter 3 to produce Au NPs were used here; specifically, the 
aqueous approach
10
 and the two phase method.
11
 In the aqueous method, NSs (NSs-I and -II, 
here after) were re-dispersed in trisodium citrate salt solution (trisodium citrate dihydrate, GR, 
EMD). The mixture was directly added into a boiling 1.0 mM solution of HAuCl4·3H2O 
(99.999%, Alfa Aesar). The solution was refluxed for 30 min followed by cooling to room 
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temperature. The color of product changed from ruby red to purple and slowly precipitated. The 
precipitate were collected, washed, and re-dispersed in alcohol for characterization by TEM. 
The two phase method, developed by Brust group in 1994,
11
 was applied here to modify 
niobate NSs with Au NPs. HAuCl4·3H2O as the Au source were transferred from aqueous 
solution to organic phase with the phase transfer agent tetraoctylammonium bromide (TOAB, 
98%, Aldrich) in toluene. The toluene phase was separated and stored for future use. For the 
preparation of Au NPs modified NSs, 10mL 0.5mM AuCl4
-
 in toluene was mixed with excess 
amount of 3-mercaptopropionic acid (MPA, 99%, Alfa Aesar) as the surfactant to form the Au 
precursor. The clear Au precursor was then mixed with about 10 mg niobate NSs in water or 
propanol under vigorously stirring for more than 20 min. 0.1 M NaBH4 (>98.5%, Aldrich) was 
then added dropwise into the mixture. The suspension turned purple and slowly separated into 
two layers, a colorless toluene phase and purple aqueous phase. After carefully separating the 
solid after centrifugation, the products were washed twice with distilled water and ethanol. 
Typically the resulting products were kept overnight at room temperature (20 h), though smaller 
sized NPs could be achieved by adjusting the reaction time to 2 h. The final products occur as 
pink powder and may vary in appearance due to variations in the amount of Au NPs coated on 
the NSs surface.  
 
4.2.6 Synthesis of Au NPs on Niobate Nanoscroll Surfaces 
Au NPs were introduced to the surface of niobate nanoscrolls by the two-phase method. The 
synthesis procedure is similar with attaching Au NPs onto niobate NS surfaces.  
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4.2.7 Preparation of Au NPs on Lithium Niobate (LiNbO3) Nanocrystals 
4.2.7.1 Preparation of  LiNbO3 Nanocubic 
Cubic LiNbO3 NPs were prepared by Dr. Debasish Mohanty.
12
 Typically, 3.5 mL LiNb(O-
Et)6 solution were placed in a Teflon sleeve with 2.5 mL 1,4-butanediol. The Teflon vessel was 
sealed in the stainless steel autoclave and heated at 235 
o
C for 3 days. After cooling down to 
room temperature, the resulting white precipitate was washed with ethanol and dried at 70 
o
C. 
 
4.2.7.2 Preparation of Au NPs modified LiNbO3  
The modification of LiNbO3 with Au NPs follows the same two-phase method as discussed 
above. MPA is used as the surfactant to synthesize Au NPs. 
 
4.2.8 Characterization 
A Leo 1530 VP field emission scanning electron microscope (FESEM), a JEOL 2010 
transmission electron microscope (TEM), and an energy dispersive spectroscope (EDS) attached 
to each of them were used to characterize morphologies, structures, and compositions of the 
products. TEM samples were dispersed on 200 mesh carbon grids or 300 mesh Lacey Formvar 
Carbon grids. X-ray diffraction (XRD) patterns were collected on a Philips X-Pert PW 3020 
MPD diffractometer (Cu-Kα radiation, λ = 1.5418Å). All scans are between 2o to 75o.  
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4.3 Results 
Niobate Nanosheets. The crystal structure of KNO is shown in Figure 1.3 (Chapter 1). It 
contains orthorhombic unit cells with a = 7.830, b = 33.21, and c = 6.460 Å, corner- and edge-
sharing NbO6 octahedra forming layers and K
+
 locating between layers to compensate the 
negative charges.
6,13
 It is clearly seen that there are two different arrangements of K
+
, forming 
two distinct interlayers I and II.
9,14
 K
+
 in interlayer I can be readily replaced by H
+
 and further by 
other ions, while it is much more difficult and time consuming to replace K
+
 in interlayer II.   
Figure 4.1 represents the TEM and HRTEM images of niobate NSs-I after exfoliation. The 
NSs exfoliated by propylamine hydrochloride are very homogenous and the NS solution looks 
like a sol with silky shine. HNO NSs are transparent under TEM. The lateral size of NS I can be 
up to 20 µm or even higher, while for NS II, lateral sizes larger than 10 µm are rare. The 
thickness of one piece of NS shown in TEM is reported as 1.5 ~ 1.8 nm, which is close to the 
thickness of bilayer of niobate.
4c,5
 The interlayer distance 0.40 nm from HRTEM image (Figure 
4.1b) corresponds to the (220) plane and correlates to the XRD spectrum.
15
  Figure 4.2 shows 
one piece of HNO exfoliated by propylamine hydrochloride where the NS exhibits a very regular 
rectangle shape and about 12.5 µm lateral size. SEM images confirm the observations of TEM. 
NSs-I form a gelatinous solution and can be restacked tightly.  The resulting solid (Figure 4.3) 
shows a continuous structure smooth topology.  While from SEM image of NSs-II, one can 
clearly see the rectangle shape NSs and some of them are not completely exfoliated.  
XRD spectra of KNO·3H2O and HNO NS II are shown in Figure 4.4. KNO picks up water 
easily and forms KNO·3H2O. The XRD of KNO·3H2O is in good agreement with the 
literature,
16
 indicating the successful synthesis of KNO. After the ion-exchange of H
+
, the peak  
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Figure 4.1. (a) TEM and (b) HRTEM images of HNO NS I. 
 
Figure 4.2. TEM image of one piece of HNO NS I. 
This extended image is composed of three separate micrographs. 
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Figure 4.3. SEM images of (a) NSs-I and (b) NSs-II.  
 
at 10
o
 shifts to the right (11
o
), indicating that the H
+
 causes the expected decrease in the distance 
between the two niobate layers.     
    Exfoliation occurs at the same time due to the solvation of these sheets. The bonding between 
layers in HNO is relatively weak compared with KNO, and thus water can enter layers, expand, 
and finally separate layers. For KNO, the resulting product from the first exfoliation still contains 
two niobate layers, because the interlayer II is very hard to separate. This has been confirmed by 
others from the thickness of NSs through AFM measurements.
5
  
    Further treatment with TBAOH will cause the exfoliation of HNO bilayer NSs. The resulting 
single layer NS will scroll to minimize surface tension; this is thought to be favored due to 
topological difference in the two sides of the NSs.
5
 NSs-I have been modified with propylamine 
hydrochloride (PH), so the further treatment with TBAOH is difficult such that nanoscrolls are 
not readily observed. NSs-II are suitable for the further modification with TBAOH. Most NSs 
can be converted into scrolls under mild conditions, while elevating reaction temperature (60 
o
C) 
can shorten the reaction time. Figure 4.5 gives TEM and HRTEM images of HNO nanoscrolls. 
The average diameter of nanoscrolls is about 20 nm. HRTEM image (Figure 4.5c) shows the 
86 
 
 
Figure 4.4. XRD spectra of KNO, HNO and TBAOH-HNO. 
 
distance between wall layers is about 0.9 nm, which matches well with the literature.
6
 TBA
+
 will 
not form strong bonds with niobate NSs, so they don’t exist in the interlayer space of 
nanoscrolls, which has been confirmed by the interlayer distance. While XRD (Figure 4.4) of 
TBAOH modified HNO confirms the extended interlayer distance.  The peak at 11
o
 from HNO 
has shifted to about 8
o
, indicating the ion-exchange of large TBA
+
 for the small H
+
. 
SEM images in Figure 4.6 also show the formation of nanoscrolls. Compare the SEM images 
of HNO in Figure 4.3b and HNO scroll in Figure 4.6a, one can clearly see the plate-like HNO 
crystals are further exfoliated and form more homogenous small pieces. One HNO nanoscroll  
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Figure 4.5. (a) TEM image of a bunch of HNO nanoscrolls, and (b) TEM of a single scroll.                           
(c) HRTEM images of HNO scrolls. 
 
 
Figure 4.6. (a) SEM images HNO scrolls. (b) high magnification of (a), red circle highlights the 
end of one nanoscroll. 
 
has been highlighted in the enlarged SEM image (Figure 4.6b) and the measured diameter is 
about 21 nm, which matches the TEM measurements very well.  
Au Nanoparticles on Niobate Nanosheets. Figure 4.7 shows a piece of NS I modified by Au 
NPs prepared by the aqueous method. The particle sizes range from 10 nm to 50 nm and 
aggregation can be observed. The exfoliated NSs-I tightly restacked after drying, so that it makes 
it difficult to redisperse them. This is one reason for the inhomogeneous coating. Another  
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Figure 4.7. TEM image of Au NPs-HNO NS I by the aqueous method. 
 
possible reason is the hydrophobic groups of propylamine on NSs repel the hydrophilic NPs. In 
addition, the mild reaction conditions, like weak reducing agent, may also influence the nature of 
the final product. 
To avoid aggregation of Au NPs, both NSs-I and II have been modified by Au NPs by the 
two phase method. This approach resulted in more homogenous nanocomposites.   Figure 4.8 
shows NSs-I modified by Au NPs through the two-phase method. Most of Au NPs prepared over 
a 20 h period are about 5 nm and very homogenous in shape, as shown in Figure 4.8b. Au NPs 
form even and homogenous modification on the surface of HNO NSs. In Figure 4.8a, NSs 
modified by Au NPs with shorter reaction time (2 h) gives smaller NP sizes. Most of NP size 
falls into ranges of 1-3 nm.  
NSs-II modified with Au NPs by the two-phase method are shown in Figure 4.9. The surfaces 
are more suitable for Au NPs to attach. Most Au NPs attach readily to the surface of HNO. Even 
though no separation steps have applied, there are almost no free NPs observed. Shorter reaction 
time (2 h) gives NPs about 5 nm (Figure 4.9a). Longer reaction time gives larger NP sizes and 
some aggregation (c.a. 6 nm, as shown in Figure 4.9b).  
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Figure 4.8. TEM images of Au NPs-HNO NSs-I by the two-phase method with size distribution 
diagrams. Reaction time: (a) 2 h; (b) 20 h. 
 
NSs-I are favored for the attachment of Au NPs with the modification of pH. Very similar 
results can be observed on HNO nanoscrolls, i.e., HNO NSs modified with TBAOH.
5
 As shown 
in Figure 4.10, Au NPs are able to attach to the surface of nanoscrolls evenly. The distribution of 
Au NPs is more random compared to the Co NPs on niobate NSs as discussed in Chapter 2. If 
HNO NSs modified with Au NPs first and then treated with TBAOH, products as shown in 
Figure 4.11 were obtained. Here NSs can still form nanoscrolls and encapsulate Au NPs inside it 
(Figure 4.11a), though the quality and yield is not as great.  While Au NPs attached on the 
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surface act like pins on a piece of paper, so the exfoliated NSs cannot easily leave the surface 
and further curve to form nanoscrolls (Figure 4.11b).  
XRD spectra of HNO before and after modification with Au NPs have been presented in 
Figure 4.12. Peak observed at 38
o
 represents the (111) plane of Au crystal. The additional 
treatment with Au precursor doesn’t change the structure of HNO. 
 
 
Figure 4.9. TEM images of Au NPs-HNO NS II by the two-phase method with size distribution 
diagrams. Reaction time: (a) 2 h and (b) 20 h. 
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Figure 4.10. TEM images of Au NPs-HNO nanoscrolls.  
 
 
Figure 4.11. (a) and (b) Au NPs-HNO NS treated with TBAOH. In (a), Au NPs@ HNO 
nanoscrolls formed. 
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Figure.4.12. XRD spectra of (a) HNO and (b) Au NPs-HNO. 
 
    To prepare samples with well dispersed Au NPs on HNO surface, different approaches have 
been explored for comparison. Firstly, in the aqueous method, instead of the mild surfactant 
trisodium citrate, we choose the well-known strong reducing agent NaBH4 as a replacement. The 
resulting nanocomposite is not desirable (Figure 4.13a): more aggregation was observed and less 
Au NPs attached onto HNO surface. Secondly, a modification on the two-phase method was also 
applied. NaBH4 was premixed with NS solution and then mixed with AuCl4
- 
in toluene. The 
resulting nanocomposites (Figure 4.13b) contain HNO NS attached with only a few Au NPs and 
those are of irregular shapes and large sizes. 
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Figure 4.13. TEM images of Au NPs-HNO prepared by different procedure. (a) In aqueous 
method, NaBH4 was used as reducing agent. (b) in the two-phase method, NaBH4 was pre-mixed 
with NSs solutions. 
 
 
Figure 4.14. TEM images of Au NPs-LiNbO3 nanocubes. 
LiNbO3 nanocubes were prepared by a hydrothermal method.
12
  The crystal structure of it is 
not similar as layered niobate or other layered materials. Even though, by using two-phase 
method, Au NPs can still be attached to the surface of cubes (Figure 4.14). Unlike in the other 
syntheses however, lots of free Au NPs are observed.  
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4.4 Discussion 
As discussed in Chapter 3 for HLaNb2O7 (HLN), Au modified HNO prepared by the two-
phase method also shows efficient NP attachment, i.e., most Au NPs attach to HNO surface and 
almost no free Au NPs were observed in solution. This is mostly attributed to the different 
solvents used for Au precursor and NS solution, and the resulting phase transfer movement of Au 
NPs from toluene phase to aqueous phase. Also, the size and distribution of Au NPs are time 
dependent; shorter reaction times produce smaller Au NPs and longer reaction times will lead to 
some irregular shaped Au NPs and aggregations.  
To avoid size distribution and aggregation of Au NPs, several different approaches have also 
been tried. One is based on the aqueous method. Trisodium citrate as a mild reducing agent, 
normally takes long time for the reduction of AuCl4
-
. During this time, size distribution and 
aggregation are likely to happen. As we know, the use of strong reducing agent normally results 
in small and homogeneous Au NPs,
17
 hence we use NaBH4 to replace trisodium citrate. But in 
this case, the inhomogeneous solution caused by the niobate NSs restricts the dispersion of Au 
seeds and the following Au NPs, and give the very inhomogeneous result, as shown in Figure 
4.13a. 
Another approach is based on the modification of the two-phase method. The exfoliated HNO 
NHs are surrounded by H
+
 and herein with positive charge, if we are able to pre-mix NaBH4 
solution within it, the BH4
-
 might adsorb on the surface of HNO. Once the mixture mix with Au 
precursor, Au seeds may nucleate on the surface of HNO and cause more homogenous Au NPs 
attachment. Unfortunately, the result doesn’t support this proposed route (Figure 4.13b). So the 
most possible route for the formation of Au NPs-HNO is still starting from the nucleation of Au 
in toluene solution and transferring into aqueous solution, as highlighted in Figure 3.17. Another 
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possibility of this result is that NaBH4 dispersed in NS solution cannot contact with Au precursor 
very well and resulted in very less Au particles and irregular shapes. In other words, the 
inhomogeneous solution limits the reduction of AuCl4
-
. 
As was pointed out in Chapter 3, both MH and MPA are good surfactants for the synthesis of 
Au NPs onto HLN NS surfaces. But in the preparation of Au NPs onto HNO surface, MH does 
not give a result as good as MPA. Even though it cannot simply get conclusions about the effect 
of different surfactants based on those two chemicals, the MPA with shorter carbon chain length 
and active carboxylic group could contribute to the difference in result.  So the Au NPs covered 
by MPA have more chance to contact with NSs in aqueous phase.  
One of the distinguishing features of KNO is that it contains two different interlayers caused 
by different arrangement of atoms, as shown in Figure 1.3 (Chapter 1), and once single layer NSs 
are formed, they may curve to relieve the strain.
5
 Based on our observation, Au NPs can attach to 
all HNO NS surfaces, which indicates that the attachment doesn’t have a preference for different 
surfaces. Since these NSs still contain multi-layers, the further treatment with TBAOH may 
cause the exfoliation of top layers and form nanoscrolls. It can be imaged that the curling of Au 
NPs modified NSs may result in nanoscrolls with Au NPs inside (Au NPs@nanoscrolls). So far 
there is no evidence to show whether NSs have a preferred curving direction;
5
 we can assume 
that the possibility to form each surface is the same, so at least half NSs can produce nanoscrolls 
and potentially Au NPs@nanoscrolls. The experiment based on this hypothesis confirmed that 
nanoscrolls can form after the modification of Au NPs (Figure 4.11). However, the resulting 
nanoscroll yield is still low and effort is needed to separate the modififed nanoscrolls with NSs. 
Randomly dispersed Au NPs appear to pin the sheets in place so as to limit the formation of 
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nanoscrolls. It is believed less Au NPs of smaller size may be lead to a better yield of 
nanoscrolls.   
In case of the modification of LiNbO3 nanocubes with Au NPs, the crystal of LiNbO3 does not 
have a layered structure, so that different results might be expected. The arrangement of niobate 
octahedral produces nanocubes or nanospheres with average lateral size about of 50 nm. Even 
though we treated these particles with alcohol for over 24 h, it is not able to change the surface 
properties, and hence they cannot form homogenous dispersion in alcohol. Once Au NPs transfer 
from toluene phase to aqueous phase, they will move freely in solution, and that’s why we 
observed lots of free Au NPs. Interestingly, some aggregated LiNbO3 nanocubes are still able to 
bind to Au NPs, as shown in Figure 4.14. So this two-phase method can be potentially used to 
modify various surfaces, but the Au NP distribution of resulting product cannot be controlled. 
 
4.5 Conclusions 
    Both the aqueous method and the two-phase method have been successfully applied on the in-
situ syntheses of Au NPs on HNO NSs and nanoscrolls. HNO NSs-I and NSs-II prepared by 
propylamine hydrochloride and acid treatment of KNO show similar behavior. In the two-phase 
method, almost no free Au NPs can be observed in the resulting solution. Size and distribution of 
Au NPs can be readily adjusted by the reaction time. Both MH and MPA can be used as 
surfactants to prepare Au NPs, though the latter gives the best results on HNO. LiNbO3 
nanocrystal was also used as substrate and modified with Au NPs by the two-phase method. The 
resulting product contains free Au NPs, un-modified LiNbO3, and Au NPs-LiNbO3. The two-
phase method is an effective method to prepare Au NPs on a variety of surfaces. 
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Chapter 5 
Preparation of Magnetic Nanoparticle Modified Layered Materials 
 
 
5.1 Introduction 
Nanosheets (NSs) from exfoliated layered niobate materials provide not only photocatalysis 
materials with improved efficiency but also desirable building blocks for the fabrication of nano-
device, when used in combination with various nanoparticles (NPs).
1,2
  Pt, Au and TiO2 NPs are 
commonly applied in the fabrication of nanocomposites.
3
  More recently, magnetic NPs are also 
used to functionalize layered materials. Fe3O4 modified perovskite H1-xCa2Nb3O10 is one of the 
examples;
1
 this nanocomposite exhibits magnetically controllable birefringence and light-
scattering properties in solution. Another example is from tetrabutylammonium stabilized 
Ca2Nb3O10 NSs and oleic acid-stabilized Fe3O4 NPs;
4
 the colloidal plates in this system can be 
rotated in real time with a variable external magnetic field (200 Oe). Clearly, the combination of 
magnetic NPs and layered materials provides a new approach to prepare functionalized 
materials. 
How to fabricate nanocomposites containing NPs and layered substrates is a significant issue. 
If synthesized NPs are used, the advantage is that the size and amount of NPs can be precisely 
controlled, however, due to the multi-step preparation process, longer reaction times and excess 
cost are required. Here we introduce a simple in-situ approach method to directly synthesize 
magnetic NPs onto various surfaces of layered materials.     
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5.2 Experimental 
5.2.1 Preparation of Iron Oxide NPs Modified HLN NSs 
5.2.1.1 Preparation of HLN NSs
5,6
 
   To prepare RbLaNb2O7 (RbLN), stoichiometric amounts of La2O3 (99.999%, Alfa Aesar), and 
Nb2O5 (99.9%, Alfa Aesar) were ground together with a 25% excess of Rb2CO3 (99.8%, Alfa 
Aesar), and placed in an alumina crucible.  The excess Rb2CO3 was added to compensate the loss 
of rubidium oxide during reaction. The mixture was heated to 850 
o
C for 12 h, followed by a 
heating at 1050 
o
C for an additional 24 h with one intermediate ground. The product was washed 
with both distilled water and acetone before drying at 70 
o
C. RbLN was then treated with 6M 
HNO3 or HCl at 60 
o
C for 3-7 days to prepare HLaNb2O7 (HLN). The resulting product was 
centrifuged for a short time (several seconds to 1 min) and only the top portion of the solution 
containing the NSs was collected and washed with distilled water; this material is referred to as 
HLN NSs. In some instances this material was treated with n-propanol (AR, J.T. Baker); at 60 
o
C 
this produces the grafting product, n-propoxyl-HLN (pHLN).    
5.2.1.2 Synthesis of Iron Oxide NPs on pHLN NSs    
    0.05 g (0.1 mmol) pHLN was re-dispersed in 15 mL octyl ether and heated to 100 
o
C. After 
cooling to room temperature, 0.17 mL (0.52 mmol) oleyl amine (Aldrich Tech, 70%), 0.15 mL 
(0.48 mmol) oleic acid (Aldrich, Technical grade, 90%) and 0.05 mL (0.37 mmol) iron carbonyl 
(Fe(CO)5, Alfa Aesar, 99.5%) were injected into the mixture followed by an increase in 
temperature to 300 
o
C; the mixture was then isothermed for 1 h. Caution: Iron carbonyl should 
be handled with extreme caution due to its high toxicity. After that, the solution was cooled to 
room temperature and washed with ethanol and hexane at least 3 times to remove unreacted 
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capping surfactants and NPs. The crude product was re-dispersed in hexane and kept overnight.  
The brown product precipitated to the bottom of the flask and was easily isolated. 
 
5.2.2 Synthesis of Co NPs Modified pHLN NSs 
    0.05 g (0.1 mmol) pHLN was re-dispersed in 15 mL octyl ether and mixed with 0.17 mL (0.52 
mmol) oleyl amine and 0.15 mL (0.48 mmol) oleic acid. The mixture was heated to 100 
o
C to 
remove moisture. Cobalt carbonyl (Co2(CO)8, Alfa Aesar, stabilized w/ 1-5% Hexane) dissolved 
in 5 mL hexane was injected into the mixture, heated up to 250 °C, and maintained for 1 h. 
Caution: Cobalt carbonyl should be handled with extreme caution due to its high toxicity. The 
product was then cooled down to room temperature and washed with hexane and ethanol to 
remove excess surfactants. The final product was dissolved in hexane for TEM observation. 
 
5.2.3 Preparation of Iron Oxide NPs Modified HNO NSs 
5.2.3.1 Preparation of HNO NSs
7
 
    K2CO3 (Alfa Aesar, 99%) and Nb2O5 (Alfa Aesar, 99%) (molar ratio = 2.1:3.0) were heated at 
900 °C for 1h, reground and heated to 1050 
o
C for another 24 h to prepare K4Nb6O17 (HNO) 
powder. After washing with distilled water, the powder was then treated with 50 mL of a 3M 
HCl solution at 60 
o
C for 3-7 days. 
5.2.3.2 Synthesis of Iron Oxide NPs Modified HNO NSs 
0.50 mL (1.53 mmol) oleyl amine (Aldrich Tech, 70%) and 0.1 g (0.1 mmol) 
tetrabutylammonium hydroxide 30-hydrate (TBAOH, Sigma Aldrich) were added into NS 
solution containing 0.02 g (about 0.032 mmol) HNO in 15 mL octyl ether and heated to 100 
o
C, 
maintained 20 min to remove all moisture. Then 0.5 mL (3.7 mmol) iron carbonyl (Fe(CO)5, 
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Alfa Aesar, 99.5%) were injected into the mixture followed with increasing the temperature to 
250 
o
C in 10 min. After maintaining at this temperature for 1 h, the mixture was cooled down to 
room temperature and washed by hexane and ethanol 3 times to remove excess surfactants. The 
final product was dissolved in hexane for TEM observation. 
 
5.2.4 Characterization 
    Standard and high resolution microscopic as well as elemental data were collected on a JEOL 
2010 transmission electron microscope (TEM) fitted with an energy dispersive spectroscope 
(EDS). TEM samples were dispersed on 200 mesh carbon grids or Lacey Formvar Carbon grids 
(300 mesh). X-ray diffraction (XRD) patterns were collected on a Philips X-Pert PW 3020 MPD 
diffractometer (Cu-Kα radiation, λ = 1.5418Å). Quantum Design MPMS-7XL SQUID 
Susceptometer with 7.0 T magnet were used to collect magnetic data.  
 
5.3 Results and Discussion 
 
Figure 5.1a presents pure iron oxide NPs. The decomposition of iron carbonyl can give iron 
oxide NPs with round shape and narrow size distribution.
8
 By simply introducing n-propoxyl-
HLaNb2O7 (pHLN) NSs into the preparation process leads to the iron oxide/HNO 
nanocomposites, as shown in Figure 5.1(b) and (c). The shape of NPs and the size distribution 
are similar to the pure iron oxide NPs prepared without the NSs. Figure 5.1 shows samples 
prepared without separation treatment, so free iron oxide NPs can be observed separately on 
TEM grid. Washing with hexane allows one to remove all free iron oxide NPs in solution since 
NPs have a good solubility in hexane. Figure 5.2 shows the sample after washing. It is noticeable 
that all NPs are coated on pHLN NSs (dark area), while no NPs shown on TEM grid (light area).  
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Figure 5.1. (a) TEM image of iron oxide NPs. (b) and (c) TEM images of iron oxide@pHLN 
NSs. 
 
 
Figure 5.2. (a) and (b) TEM images of iron oxide@pHLN NSs. (c) EDS of (a).  
 
 
The EDS data confirm the composition of nanocomposite, only showing peaks of iron, and La 
and Nb from pHLN NSs.  
The XRD spectra of iron oxide/pHLN nanocomposites are dominated by highly crystallized 
pHLN. So pure iron oxide NPs prepared at the same condition are used for the XRD 
measurement. The XRD spectrum of as-synthesized NP product only shows broaden peaks 
(Figure 5.3).  However, after the heat treatment at 400 
o
C in 10% H2 and 90% N2, it clearly 
shows peaks from bcc-iron, while the heat treatment at 400 
o
C in N2 and air gives peaks  
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Figure 5.3. XRD spectra of pure iron oxide NPs before and after heat treatment. (a) As-
synthesized iron oxide sample; (b) after heating in H2 at 400 
o
C, bcc-Fe formed; (c) after heating 
in N2 at 400 
o
C; (d) after heating in air at 400 
o
C. Peaks in (c) and (d) match the pattern of Fe3O4. 
 
 
indicating Fe3O4 (first four peaks are labeled). The products may be the mixture of Fe3O4 and  -
Fe2O3 NPs, since they have very similar XRD pattern and magnetic properties.
9
 
The magnetic susceptibility data is shown in Figure 5.4. Zero field cooling (ZFC) and field 
cooling (FC) are shown in Figure 5.4a and the blocking temperature is around 225 K, above 
which the product is superparamagnetic, indicating that the iron oxide NPs around 5 nm are 
superparamagnetic, which is in agreement with the literature.
4
 At lower temperature, the sample 
is ferromagnetic and shows hysteretic behavior with an Hc = 204 Oe. In Figure 5.4b, the Hc of 
hysteresis loop is zero once above blocking temperature, indicating the superparamagnetic 
behavior of product.   
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Figure 5.4. Magnetic data of iron oxide@pHLN NSs. (a) FC and ZFC at 100 Oe; (b) hysteresis 
loops at different temperatures. 
 
 
 
Figure 5.5. TEM images of Co@pHLN NSs. 
 
TEM images of Co NPs modified pHLN NSs are shown in Figure 5.5. They clearly show the 
successful synthesis of Co@pHLN nanocomposites by the in-situ method. Co NPs formed are 
close to monolayers on pHLN NSs.  Free Co NPs can be readily removed by hexane.  
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Figure 5.6. TEM images of peapod-like iron oxide@HNO. In (a) and (b), peapod-like structures 
formed; (c) and (d) also show peapod-like structures, however the formation routes may be 
different.  
 
As discussed in Chapter 2, Co NPs forming chain structures can be capsulated in HNO 
nanotubes to form peapod-like nanostructures.
10
 It is exciting that similar structures have been 
achieved through the modification of HNO with iron oxide NPs.  While NP chains within the 
nanopeapods is apparent in Figures 5.6a and b, in others (Figures 5.6c and d), the NPs are more 
random within the curled NSs. There is a difference in NP size between those peapods with the 
chain structures (15-20 nm in diameter) versus those more random in NP orientation (< 10 nm).  
While in the former case, the core-shell structure of NPs inside nanoscroll may be iron/iron oxide 
core/shell NPs,
11
 and it is likely that the same mechanism described in Chapter 2 for cobalt 
nanopeapods is at work here. In this latter case with smaller NPs, the mechanism of 
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encapsulation is not very clear. It is possible that the NPs are just captured at random. This 
would also be consistent with another feature that curvature of the nanotube can occur (Figure 
5.6d). 
The ZFC and FC data of pure iron oxide NPs and iron oxide NPs@HNO NS are shown in 
Figure 5.7. For pure iron oxide and iron oxide@HNO samples, the blocking temperatures are 
around 56 K and 300 K, respectively. Above the blocking temperature, iron oxide NPs with an 
average diameter 5 nm are superparamagnetic,
4
 which is in accord with our observations. While 
below the blocking temperature, the sample is ferromagnetic, which means the iron oxide@HNO 
composite is possible a ferromagnetic sample and the NPs in it may have magnetic dipole-dipole 
interaction and form chain structures. 
 
 
Figure 5.7. Magnetic data of (a) pure iron oxide NPs and (b) iron oxide@HNO. 
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5.4 Conclusions 
    Various magnetic NPs modified NSs have been prepared by the in-situ synthesis approach. 
Free NPs can be readily removed by hexane and resulting in NP@NS nanocomposites. Iron 
oxide and cobalt are used; however, it is believed that this approach can be applied on a variety 
of magnetic NPs prepared by hydrothermal method. The layered materials, including layered 
perovskites and other layered oxides, are all suitable to be used as substrate to fabricate 
nanocomposite. The peapod structures observed in iron oxide@HNO nanocomposite are the 
second examples of nanopeapods so far obtained. It appears that some follow the same 
mechanism based on magnetic dipole-dipole interactions, as seen in the Co@HNO nanopeapods, 
while others appear to be more random in their structures.  
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Chapter 6 
 
Conclusions 
Methods have been developed to prepare composite materials with NPs and various 
nanostructures.  Both metal and metal oxide NPs have been applied to a series of oxide 
nanostructures including nanosheets, nanoscrolls and NPs.  NPs with controllable dispersion and 
orientation may lead to new properties while the modification of various oxides may allow 
further improvement of known properties (e.g., catalytic activity).  
In one approach, methods have been developed to prepare cobalt@H4Nb6O17 nanopeapod 
structures. Exfoliated H4Nb6O17 nanosheets were applied in the syntheses of magnetic cobalt 
NPs by thermal decomposition. Scrolling nanosheets can encapsulate cobalt NP chain and form 
peapod-like structures. The resulting nanopeapod can contain more than 20 cobalt NPs and be 
over 1 µm long. The diameter of nanopeapod is consistent with the size of NPs. Reaction 
conditions (e.g., temperature, reagent, solvent) can be adjusted to improve the overall yield of 
nanopeapods. This approach was also applied on iron oxide@H4Nb6O17. Very similar peapod-
like nanostructures were obtained through the yield is relatively low. 
Two synthetic methods, the aqueous and the two-phase method, were applied to prepare gold 
NPs in the presence of different oxide nanosheets, including D-J phase layered perovskite 
HLaNb2O7 (HLN) and its organic derivate propoxyl-HLaNb2O7 (pHLN), R-P phase perovskite 
H2SrTa2O7 (HSTO), Aurivillius phase perovskite H2W2O7 (HWO), H4Nb6O17 nanosheets and 
nanoscrolls. In the two-phase method, the resulting products are almost exclusively gold NP-
modified oxide nanosheets and nanoscrolls, with minimal numbers of free gold NPs observed. 
The size of gold NPs can be readily adjusted by controlling reaction times. Our methods should 
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allow for greater control and possible improvement in the photocatalytic properties of these 
oxides. 
The two-phase method can be also applied on the preparation of gold NPs modified LiNbO3 
nanocrystals. Even though free gold NPs were observed in the products, the results showed that 
this method can be applied on various oxide surfaces beyond nanosheets. 
Cobalt and iron oxide NPs were synthesized in-situ onto perovskite nanosheet surfaces 
(HLaNb2O7). The size of NPs is homogeneous and excess free NPs can be readily removed by 
solvent. Nanocomposites containing localized magnetic NPs and nanosheet provide ideal 
building blocks for making devices, and may lead to new applications in magnetics, optics, etc. 
The combination of NPs with nanosheets, nanoscrolls or other kinds of nanostructures, leads 
to a series of new nanomaterials. This approach should not only lead to products with improved 
properties, but also provide an opportunity to design new nanostructures with potential 
applications in many fields. Further, beyond the systems studied in this work, there are numerous 
other materials that could be incorporated into new nanocomposites following similar routes.  
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Appendix I 
Fabrication of Nanostructures by Template-Assisted Methods for 
Gas Sensing 
 
 
A.1. Introduction 
A.1.1 Porous Templates and Sol-gel chemistry  
    Since the discovery of uniform porous templates, such as track-etched polycarbonate (PC), 
porous silica, and anodized alumina membrane (AAO), a general process to prepare 
nanostructures called the ―template-assisted‖ method has attracted much attention. This 
straightforward process allows one to grow structures from various templates via 
electrodeposition, electrophoretic deposition or sol-gel chemistry methods.
1
 One of the 
fundamental goals of nanomaterials chemistry is to explore the possibility of tailoring materials 
into desired structures on the nanometer scale. To this target, template-assisted methods have 
been successfully applied in the fabrication of nanodots, nanotubes, nanowires and other desired 
nanostructures with many potential applications.
2
  
In sol-gel chemistry a soluble precursor is formed with a chemical solution (sol). Further 
treatment causes the sol to increase in viscosity and form a dense product (gel). Then the gel can 
be heated to certain temperature to give the desired materials. The sol-gel method has great 
advantages on the preparation of inorganic materials with high purity, desired shape and in 
addition, multi-component materials can be obtained with homogeneous structures. Martin and 
co-workers
1a, b
 first described the use of sol-gel solution to prepare semiconductor metal oxide 
nanostructures within the porous AAO templates. TiO2, ZnO, WO3 and other nanowires and 
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nanotubes were prepared by immersing the AAO templates into sol-gel precursors. After that 
more and more sol-gel precursors have been prepared and the potential applications of 
nanostructures widely explored.
3 
A.1.2 Gas Sensing  
    Gas sensor technology has been extensively developed over the past few decades.
3d, 4 
Many 
research groups have been focusing on fabrication of sensor devices that are low-cost and light 
weight. Basically, a usable sensor device has to transform chemical information into an 
analytical signal through the chemical or physical reaction between sensor materials and target 
gases. Different devices that have been explored in this field include electrochemical cells, field-
effect transistors and chemiresistors. In chemiresistors, metal oxides are used as gas sensing 
materials, which change their electrical resistance when oxidizing or reducing gases are applied. 
Researchers fabricated the first chemiresistor gas sensor device in the early 1960’s5 and after that 
much effort has been made in order to improve the sensitivity, selectivity, stability as well as the 
response and recovery time, which are all key factors for the performance of sensor devices.
6
 
Nanostructures of metal oxides, with large surface-to-volume ratios, are ideal building blocks 
for gas sensor devices. It has been noted that both conventional films and films based on 
nanostructures can offer good gas sensing performance, however, nanostructures can provide 
certain advantages due to their precisely controlled size and shape.
7
 The vapor-liquid-solid 
(VLS) and solution-liquid-solid (SLS) growth are widely used to prepare single crystalline oxide 
nanostructures. Many different shapes of metal oxides, such as nanowires, nanotubes, nanobelts 
and nanorings, have been prepared by using the methods mentioned above and high performance 
gas sensor devices have been fabricated.
8
 Meanwhile, researchers are also working on applying 
polycrystalline nanostructures on gas sensor devices. This method is limited by the fact that the 
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resulting nanostructures are usually polycrystalline, which effects the potential applications. 
Despite this limitation, this approach is commonly accepted and has been widely used due to its 
simplicity, versatility and low-cost.
9
 The combination of templates with chemical methods, as 
sol-gel, electrophoretic deposition and electrodeposition, extends the approach to prepare 
nanostructures. We note that due to the difficulty to fabricate proper sensor devices, the 
applications of nanostructures prepared by these methods are usually limited to film growth.
10
 
Researchers usually fabricate nanowires or nanotubes in templates first and then completely 
remove the templates to obtain a suspension. The suspension is applied to a substrate to make 
working electrodes. During this process, some of nanostructures will break into nanoparticles 
and no longer keep the desired shapes. It will be helpful for us to understand the fundamental 
properties of individual oxide nanostructures. By carefully controlling the deposition process and 
sol-gel properties, we may control the porosity, thickness of structures, grain size of 
polycrystalline materials, and eventually improve the performance of sensor devices.  
Nanotubes can readily be prepared by template-assisted methods
4b, 11 
and gas sensor devices 
fabricated based on them. Such devices have improved advantage that the gas can flow through 
the interior of the nanotubes, which potentially increases the performance of devices. In addition, 
the supporting templates do not need to be removed so the integrity of the nanocomponents can 
be maintained.      
                 
A.2 Experimental 
A.2.1 Preparation of Sols  
    Sols were prepared by using sol–gel methods similar to those reported in the literature.12  
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In2O3: 0.4 g InCl3·4H2O was dissolved in 20 ml distilled water, and then two drops of 
ethylenediamine were added to the InCl3 solution, which was stirred for 5 h at room temperature.  
ZnO: 0.35 g of zinc acetate was added to 20 ml of ethanol, and the resulting mixture was 
boiled for 30 min until a clear solution was obtained. The volume was returned to 20 ml with 
ethanol, and then 0.06 g of LiOH·H2O was added.  
SnO2: 3.38g SnCl2, 4.7 ml ethanol and 0.3 ml HCl were mixed together and aged for 24 h to 
form a transparent and highly viscous sol. 
WO3: 0.72g sodium tungstate was dissolved in 15mL distilled water and concentrated HCl 
added drop by drop with slow stirring until the solution became acidic. The gel formed was 
washed three times by water and redissolved in 0.7 M oxalic acid to get a transparent solution. 
To prepare WO3/TiO2 mixture sol, tetrabutyl titanate was added directly to the WO3 sol under 
agitation. Light yellow suspensions formed instantaneously and floated on the solution surface. 
With continued stirring, the suspensions dissolved gradually.  
A.2.2 Fabrication of AAO template  
    Anodized aluminum oxide (AAO) templates with 100 nm and 200 nm reported diameters 
were purchased from Whatman. High quality AAO templates with smaller diameters (60–100 
nm) were prepared in-house by the well-known two-step anodization method.
13
 An aluminum 
sheet (99.999%) was degreased in acetone and then electropolished under a constant voltage of 
25 V at 10 °C for 1 min in a solution of perchloric acid and ethanol. The first anodization is 
conducted under a constant voltage of 40 V with 0.3 M oxalic acid as an electrolyte for 6-10 h at 
17 °C. The irregular pores formed during the first anodization were removed by wet chemical 
etching in an aqueous solution of phosphoric acid and chromic acid at 60 °C. The second 
anodization was conducted under the same conditions as the first one and various anodization 
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times were applied for the desired AAO thickness. The aluminum was dissolved in a saturated 
HgCl2 solution. The AAO was then immersed in phosphoric acid to open the bottom pores. 
A.2.3 Fabrication of Nanowires or Nanotubes in Templates  
    Oxide nanowires or nanotubes were prepared by using the sol-gel template method. Two 
different ways of preparation were involved. In Method I, to prepare nanowires, templates (AAO 
or PC templates) were put on a flat surface or held by tweezers. One drop of sol was dripped on 
top of the template. Sol went through the channels immediately and wet the bottom side of the 
template. This process was repeated several times until no wetting could be seen. After drying at 
70 
o
C for 1h, the template was put into furnace where the temperature was ramped up to 550 
o
C 
(2 
o
C min
-1
) and maintained for 5h. In order to avoid cracking of the template, the cooling rate 
was controlled to about 5 
o
C min
-1
. The AAO was partly dissolved with NaOH solution, and 
carefully rinsed three times with distilled water. For TEM observations and incorporation of 
nanostructures into the sensor device, AAO was completely dissolved with NaOH to give 
individual nanowires. In the case of polycarbonate, it can be burned off during the calcination 
process of nanocomposites at 550
 o
C. In Method II, to prepare nanotubes, one side of the 
template was covered with adhesive tape and immersed into the sol with continuous stirring. The 
same treatment was applied for calcination and removing templates as in Method I. 
A.2.4 Preparation of Macroporous SnO2 Mesh  
    Highly ordered opal pieces were obtained from collaborators at University of Texas, Dallas. 
To prepare the macroporous SnO2 structure, one piece of AAO template (20nm diameter) was 
placed below the opal piece to avoid the rapid loss of solution. Then sol-gel solution was 
infiltrated into the opal by a vacuum filtration method. The resulting oxide/opal composite was 
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calcined at 550 
o
C for 5h. The opal sphere template was removed by soaking it into 0.1 wt% HF 
solution for 24h. One piece of product was sonicated in ethanol for TEM observation. 
A.2.5 Gas Sensing Test 
    Gas sensing test was done by Dr. Kun Yao. Nanowires were dispersed in ethanol and 
deposited on a SiO2 wafer. Then Ti/Au electrodes were patterned on the ends of the nanowires 
through electron beam lithography, metal evaporation, and lift-off process. 
A.2.6 Characterization  
    Carl Zeiss 1530 VP field emission scanning electron microscope (FESEM), JEOL 2010 
transmission electron microscope (TEM) and energy dispersive spectroscope (EDS) attached to 
them were used to characterize morphologies and structures of the products.  
X-ray diffraction (XRD) patterns were collected on a Philips X-Pert PW 3020 MPD 
diffractometer (Cu-Kα radiation, λ = 1.5418Å). Scans for oxide took 1 h from 5 to 75o. Niobate 
products were scanned from 2 to 75
o
. 
 
A.3 Results  
An SEM image of WO3 nanowires after partial removal of the AAO template is shown in 
Figure A.1a. It reveals that nanowires have an average diameter around 300 nm which is the 
diameter of AAO template from Whatman. TEM images (Figure A.1b) clearly show the 
polycrystalline structure of one individual WO3 nanowire. The chemical composition and 
structure of nanowires were determined by EDS and XRD respectively. During the preparation, 
individual WO3 nanowires may break into small pieces, but most of wires can keep the length 
about 2-15 µm. ZnO, In2O3 and SnO2 nanowires are obtained by a similar process as discussed  
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Figure A.1. (a) SEM, (b) TEM, and (c) HRTEM images of WO3 nanowires. 
 
above. By carefully controlling the temperature and time, AAO template can be removed by 
NaOH without dissolving the nanostructures inside the pores. 
Sensor test based on the individual nanowires have been done by Dr. Kun Yao (Zhou Group).  
Figure A.2(a) is an example of sensor device based on an individual nanowire and (b) is the 
current-voltage plot of this device. The curve at low voltage can be explained by the contacting 
problem between nanowires and electrodes, which also result in the peel off of nanowires from 
substrate when H2S gas was introduced. To overcome this problem, smaller wires are needed. 
We have fabricated AAO templates with diameters smaller than 100nm by the two-step 
anodization method. The diameter of the pores can be controlled by anodization voltage and 
immersion time in H3PO4 during the last step (Figure A.3a). Figure A.3b shows ZnO nanowires 
prepared by homemade AAO template with an average pore diameter 70nm. The sensing test 
based on the 70 nm nanowires has not been done yet. However, it is believed that well controlled 
structure can improve the test result.  
By successfully fabricated different oxide nanowires using AAO template method, we are also 
trying to prepare large scale nanostructure arrays which may improve the sensing properties and  
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Figure A.2. (a) Gas sensing device of individual In2O3 nanowire and (b) I-V curve. 
 
Figure A.3. (a) Top-view of AAO template and (b) ZnO nanowire film with an average diameter 
70nm. Insert shows the TEM image of individual ZnO nanowire. 
 
the lifetime of sensor devices. Polycarbonate (PC) template is another widely used template in 
materials fabrication. Those templates have more pore diameter choices (10nm - several µm) and 
can be completely removed by organic solvent or heating while keeping the oxide structures 
intact. The pore arrays of PC templates are not highly ordered as AAO template, but for large 
arrays this will not cause problems. Figure A.4a shows WO3 nanowire arrays obtained from a PC 
template. Without the support from template, some wires have the tendency to stick together but  
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Figure A.4. (a) WO3 nanowire arrays and (b) In2O3 nanotube arrays prepared from a PC 
template. 
 
they can still keep perpendicular to the substrate. Similar results can be obtained by using 
templates with smaller diameters. It should be possible to fabricate sensor devices directly from 
such arrays. 
Nanotubes can also be fabricated by the sol-gel template method. Immersing the AAO or PC 
template into sol-gel solution at room temperature for a short time, followed with calcination at 
high temperature, a thin layer of oxide will form on the inner surface of pores. In Figure A.4b the 
nanotubes are prepared by immerging template into low concentration sol-gel solution for a short 
time and calcined at 550
o
C without surface clean treatment. It clearly shows the tubes with open 
end and thin layer of oxide on the surface, which means the oxide structures duplicate the shape 
of template.  
Top view of silica spheres template is shown in Figure A.5a and different orientation as (100) 
and (110) can be observed. During infiltration of oxide sol-gels, the voids between close-packed 
spheres are fully filled. The highly ordered structures can be replicated by SnO2 mesh (Figure 
A.5b) after completely removing the silica template. TEM images (Figure A.5c) confirm the  
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Figure A.5. SEM images of (a) highly ordered silica spheres and (b) porous structure of SnO2. 
(c) TEM images of one piece of SnO2. (d) HRTEM image of (c). 
 
formation of SnO2 mesh. The final mesh structures with an average thickness 0.1cm and area of 
several cm
2
 are stable enough to manipulate by hand. Silica template with different sphere 
diameters and various sol-gel solutions (ZnO, In2O3 and WO3) can be applied here to modify the 
properties of nanostructures. 
 
A.4 Discussion 
Generally the sol-gel solution will adsorb on the inner surface of AAO template and easily 
form tube structures. In our experiment, the adsorption process in Method I was repeated several 
times to completely fill the pores. Additionally, the repeated filling can prevent the formation of 
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voids on the surface of nanowires and give a smooth surface. In comparison with Method II the 
whole piece of template is immerged into solution and dried. Tube structures were formed due to 
the shrinkage of gel during calcination. Theoretically, repeating of Method II can also give solid 
wire structures, but special attention should be applied because the open channels of pores may 
be blocked during immersion.  
Temperature is an important issue in the preparation of nanostructures. In Method I, solid 
nanowires were prepared by heating the whole template at temperatures above 50 
o
C. The quick 
shrinking of sol makes it possible for the next fill. Even with few treatments, almost no tube 
structure can be observed. In contrast, in Method II all the processes were carried out at room 
temperature. Increasing the immersion time and concentration of sol will give the same tube-like 
nanostructures. No obvious effect of concentration on the fabrication of nanostructures was seen. 
Another important parameter we should pay attention to is the diameter of nanowires. 
Commercially available AAO templates only provide templates with pores larger than 100nm. 
Compared to the commercial available ones, homemade AAO templates are more ordered and 
thinner, and correspondingly give improved morphology of nanostructures. Further, the uniform 
pore arrays of template make it easier to be completely removed by NaOH.  
A general way to improve the sensor performance of a metal oxide is the metal doping.
14
 
Ionsorption of oxygen ions can occur on the Au surface at room temperature due to the high 
conductivity of Au, and generate move of electrons. So it is believed that Au nanoparticles 
modified oxide nanowires and nanotubes may show improved properties in gas sensing.  
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A.5 Conclusions  
Different nanostructures, including nanowires, nanotubes, arrays, and 3D porous structures, of 
polycrystalline ZnO, In2O3, SnO2, and WO3 have been fabricated by template-assisted methods 
and confirmed by SEM, TEM and XRD. Gas sensor devices based on individual nanowires have 
been prepared. The instability of devices is attributed to the large diameter of nanowires. To 
solve this problem, AAO templates with smaller pore diameter were fabricated and nanowires 
with 70nm diameter prepared. Extended arrays of wires or tubes should improve the sensor 
stability and sensitivity and multiple oxide components may give improved selective sensor 
properties.
15
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